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INTRODUCTORY  PREFACE 


MANY  changes  have  taken  place  within  recent  years  in  the  opinions 
held  upon  that  part  of  an  engineer's  training  which  can  be  carried  out 
in  a  college.  For  long  the  practising  engineer  looked  with  consider- 
able suspicion  upon  the  college-trained  product,  and  even  now  it  can 
scarcely  be  said  that  a  man  with  a  degree  or  diploma  is  welcomed  with 
enthusiasm  into  the  majority  of  works  in  this  country. 

There  is  no  doubt  that  there  has  been,  and  may  be  even  at  the 
present  day  in  some  cases,  grounds  for  thinking  that  the  college 
student  is  not  all  he  should  be.  The  peculiarly  academic  type  of 
teaching  given  in  the  early  days  was  scarcely  conducive  to  the 
production  of  capable  and  efficient  engineers,  and  explains  in  some 
measure  the  reason  for  the  small  amount  of  encouragement  given  by 
our  manufacturers  towards  engineering  colleges. 

It  can,  however,  be  now  safely  said  that  the  value  of  a  college 
training  is  becoming  more  and  more  recognized  all  over  the  kingdom. 
In  Glasgow  in  particular  an  organized  scheme  of  combined  works  and 
college  training,  with  which  the  majority  of  the  leading  engineering 
firms  of  the  district  are  associated,  has  now  been  in  operation  for 
several  years. 

It  is  the  writer's  opinion  that  nothing  has  done  more  to  bring 
about  this  improved  state  of  affairs  than  the  increased  amount  of 
laboratory  work  that  is  now  given  in  engineering  colleges.  By  many 
teachers  the  laboratory  is  now  looked  upon  as  the  most  important 
feature  in  the  college,  and  how  marked  that  feeling  is  may  be  seen  by 
considering  the  changes  that  have  taken  place  during  the  last  ten  years 
upon  ideas  of  laboratory  equipment. 

The  class  of  work  now  done  in  the  laboratory  is  also  much  altered 
for  the  better.  It  is  to  be  feared  that  very  often  the  laboratory  was 
looked  upon  solely  as  a  place  where  some  elementary  facts  of  engineer- 
ing could  be  taught  in  an  interesting  fashion.  The  taking  and  criticizing 
of  indicator  diagrams  with  correct  and  incorrect  valve  settings,  or  the 
breaking  of  some  specimen  in  a  testing  machine,  was  looked  upon  as 
the  most  important  work  that  could  be  done. 

It  is  generally  stated  even  now,  as  if  this  were  its  chief  end,  that 
the  laboratory  is  the  place  where  the  principles  given  in  lecture  can  be 
practically  illustrated.  But  a  laboratory  may  serve  an  even  higher 
purpose  than  this,  as  it  may  be  the  cause  of  bringing  the  student  to 
criticize  many  of  these  same  principles.  It  cannot  help  but  bring 
before  an  intelligent  mind  the  vast  amount  of  ignorance  that  still 
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prevails  upon  the  most  commonplace  happenings  of  an  everyday 
engineering  experience.  The  steam  and  gas  engine  still  present  many 
unsolved  problems,  and  a  thoughtful  experimenter  cannot  but  pause  if 
he  compares  the  results  of  even  a  simple  experiment  with  the  many 
dogmatic  statements  that  he  will  read  in  text-books  or  hear  in  lectures. 
Advances  in  engineering  science  must  take  place  through  experiment, 
and  it  is  well  that  the  growing  importance  of  the  laboratory  should  be 
so  fully  acknowledged. 

The  author  of  the  present  work  has  had  experience  in  teaching 
classes  in  one  of  the  largest  and  most  important  laboratories  in  Great 
Britain.  The  experiments  described  in  the  book  are  in  nearly  every 
case  similar  to  those  which  have  been  carried  out  by  students  under 
his  immediate  charge.  An  attempt  has  been  made  to  interest  the 
reader  in  results  from  series  of  trials  rather  than  to  allow  him  to  remain 
content  with  what  he  can  learn  from  one  single  trial  made  on  any 
particular  plant.  The  effect  which  some  change  of  conditions  may 
have  upon  the  working  of  any  piece  of  machinery  should  have  an 
immense  interest  to  any  one  with  a  natural  instinct  for  engineering. 
How  best  these  results  can  be  analyzed  and  shown  graphically  is 
described  in  many  typical  cases  throughout  the  work. 

If  this  work  will  encourage  its  readers  not  only  to  measure  the 
effect  of  any  specified  change  of  conditions,  but  also  to  ask  themselves 
why  the  particular  effect  is  produced,  the  present  writer  feels  that  the 
chief  aim  of  the  author  will  have  been  achieved. 

A.  L.  MELLANBY. 
July  3,  1911. 
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THIS  book  is  intended  for  engineering  students  who  have  already 
acquired  an  elementary  knowledge  of  motive-power  engineering  and 
who  desire  information  on  the  practical  testing  of  motive-power 
engines.  It  is  also  hoped  that  the  work  will  be  of  service  to  the 
engineer  in  practice.  In  Chapter  I.  some  elementary  principles  are 
explained,  but  are  introduced  largely  for  purposes  of  reference.  In 
the  subsequent  chapters  particular  attention  has  been  drawn  to  the 
variable  conditions  under  which  a  plant  may  operate  and  the  necessity 
for  systematic  arrangements  where  a  series  of  trials  are  contemplated. 
As  it  is  practically  impossible  to  touch  upon  every  phase  of  motive- 
power  engine  testing  in  a  single  volume  of  this  size,  little  or  no  attempt 
has  been  made  to  describe  the  mechanical  features  of  different  types  of 
engines  or  to  interpret  the  action  of  an  engine  from  a  consideration  of 
indicator  diagrams ;  these  portions  of  the  subject  are  dealt  with  more 
or  less  fully  in  several  text-books.  Numerous  references  are  given  for 
the  benefit  of  those  requiring  a  more  detailed  account  of  particular 
subjects. 

Special  acknowledgment  is  due  to  the  Councils  of  the  Institution  of 
Civil  Engineers,  the  Institution  of  Mechanical  Engineers,  and  the 
American  Society  of  Mechanical  Engineers  for  their  kind  permission 
to  use  illustrations  and  to  make  extracts  from  their  several  proceedings, 
and  also  to  Mr.  Theodore  N.  Ely,  Chief  of  Motive  Power  on  the 
Pennsylvania  Railroad  System,  for  permission  to  utilize  information 
and  to  copy  illustrations  from  their  excellent  report,  "  Locomotive 
Tests  and  Exhibits  at  the  Louisiana  Purchase  Exposition." 

In  conclusion  the  author  desires  to  record  his  great  indebtedness 
to  Professor  A.  L.  Mellanby  for  the  valuable  information  and  kindly 
advice  so  freely  rendered.  Acknowledgment  is  also  due  to  Mr. 
J.  W.  Campbell,  M.Sc.,  A.M.I.Mech.E.,  A.M.I.E.E.,  for  the  reading 
and  correction  of  proofs. 

R.  ROYDS. 

GLASGOW, 
July,  1911. 
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THE    TESTING   OF 

MOTIVE-POWER    ENGINES 

INTRODUCTION 

IN  recent  years  the  experimental  testing  of  motive-power  engines  and 
the  allied  machinery  has  become  an  important  branch  of  engineering 
science.  Very  few  installations  of  power  plant  are  now  put  down  with- 
out strict  guarantees  being  required  as  regards  the  performance  and 
efficiency  of  the  various  portions  of  such  plant,  with  penalties  imposed 
in  case  of  non-fulfilment,  and  sometimes  a  bonus  on  the  contract  price 
is  provided  should  the  guarantee  performance  be  more  than  realized 
under  actual  test ;  in  fact,  it  often  happens  that  the  placing  of  a  con- 
tract is  determined  by  the  guarantees  of  performance  and  efficiency. 
The  importance  of  experimental  testing  has  also  found  expression  in 
the  extensive  laboratory  equipment  of  most  of  our  technical  colleges 
and  schools,  which  equipment  is  largely  devoted  to  the  teaching  of 
principles  and  the  methods  of  experiment,  and  in  some  of  these  institu- 
tions a  certain  amount  of  research  work  is  also  carried  out,  such  as  can- 
not be  done  conveniently  under  commercial  conditions.  The  different 
purposes  of  experimental  testing  may  therefore  be  considered  to  come 
under  one  or  other  of  the  following  heads  :  ist,  Tests  made  for  com- 
mercial reasons ;  2nd,  those  tests  made  which  combine  commercial  and 
purely  scientific  objects ;  and  3rd,  experiments  or  tests  made  for  the 
scientific  elucidation  or  explanation  of  natural  laws. 

Many  manufacturers  of  motive-power  engines  make  tests  of  a  more  or 
less  effective  character  on  nearly  all  their  standard  products  before  these 
leave  the  works,  having  installed  special  testing  stations  for  this  pur- 
pose. These  firms  cannot  be  said  to  be  particularly  interested  in  the 
purely  scientific  aspects  of  their  products,  except  in  so  far  as  such  would 
lead  to  commercial  profit,  and  thus  commercial  considerations  generally 
prevent  them  from  making  experiments  which  are  not  calculated  to 
produce  a  corresponding  gain.  Thus  it  is  that,  after  having  established 
their  standard  productions,  the  experimental  works  testing  is  mostly 
concerned  with  guarantee  performances  and  efficiencies  which  have  to  be 
given  in  most  cases,  and,  of  course,  incidentally  to  effect  improvements. 

The  equipment  of  our  foremost  technical  college  engineering  labora- 
tories, besides  being  adapted  to  the  teaching  of  scientific  principles, 
should  also  be  suitable  for  the  scientific  research  which  may  be  con- 
sidered to  be  outside  the  scope  of  a  works'  testing  plant,  or  which  could 
not  be  profitably  conducted  by  any  one  firm,  but  which  might  be  of 
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advantage  to  any  firm  who  could  apply  the  results  of  such  experiments. 
Whilst  such  an  engineering  laboratory  installation  should  always  be 
designed  for  producing  results  of  practical  application  to  engineering 
requirements,  no  hard-and-fast  rule  can  be  laid  down  as  to  what  con- 
stitutes practical  application,  for  it  often  occurs  that  what  is  of  purely 
scientific  interest  at  one  period  comes  to  have  a  close  association 
with  the  practical  needs  of  some  later  period. 

Indiscriminate  and  isolated  experimenting  ought  not  be  tolerated, 
either  in  the  works  or  in  the  laboratory.  Some  so-called  experimenters 
arrange  and  conduct  a  series  of  expensive  and  laborious  experiments 
without  relation  to  any  definite  scheme  or  to  what  may  have  been  done 
previously,  thereby  sometimes  involving  useless  repetition  and  over- 
lapping, or,  if  repetition  does  occur,  without  taking  the  trouble  to  compare 
results  of  a  similar  nature  which  may  have  been  obtained  by  other  experi- 
menters. Therefore,  before  an  expensive  series  of  tests  are  begun, 
every  endeavour  should  be  made  to  obtain  as  much  reliable  information 
as  possible  from  previous  experiments  of  a  similar  character,  if  such  are 
available.  Also,  the  operating  conditions  should  be  carefully  selected 
before  the  tests  are  begun,  and  should  be  adhered  to  unless  special  cir- 
cumstances should  justify  modifications  in  the  procedure  during  the 
course  of  the  experiments,  and  if  a  lengthy  series  were  contemplated,  it 
would  be  advisable  to  make  preliminary  tests  in  order  to  ascertain  the 
limits  of  the  plant.  It  may  also  be  mentioned  that  the  running  con- 
ditions of  a  test  ought  to  be  maintained  as  nearly  uniform  as  possible 
during  the  whole  period  of  the  test. 

It  is  hardly  necessary  to  emphasise  the  fact  that  the  performance  and 
efficiency  of  any  type  of  motive-power  engine  depends  upon  a  number 
of  variable  conditions,  some  of  which  may  be  independent  and  some 
mutually  dependent.  This  has  been  more  definitely  stated  in  nearly 
every  chapter  of  the  book,  as  for  instance  on  p.  125  in  connection  with 
steam  engines  and  turbines,  and  on  p.  246  in  considering  internal 
combustion  engines.  Briefly  then,  the  fundamental  rules  concerning 
a  series  of  tests  may  be  comprised  in  the  statement  that  only  one 
independent  variable  condition  should  be  altered  in  one  set  of  tests  as 
between  any  one  test  and  the  others  of  the  same  set,  but  after  one  set 
is  completed  another  independent  variable  condition  may  be  selected 
for  variation  in  a  second  set  of  tests.  A  reference  to  "  Method  in 
arranging  a  Series  of  Tests  "  on  p.  159  would  more  definitely  explain  the 
meaning  to  be  attached  to  the  above  statements. 

However  carefully  an  experiment  may  be  conducted,  the  results  are 
liable  to  errors  which  may  be  roughly  classed  as  being  due  to  either 
(i)  Instrumental  errors,  or  (2)  Personal  errors.  Such  errors  might  be 
systematic,  that  is,  having  the  same  magnitude  or  varying  according  to 
some  definite  order  throughout  a  test,  or  they  might  be  of  an  incidental 
nature,  such  as  easily  occur  in  making  observations  and  calculations 
unless  every  care  is  exercised  to  obtain  reasonable  accuracy  by  checking 
such  observations  and  calculations. 

Instrumental  errors  cannot  always  be  corrected  or  eliminated,  but 
for  important  work  the  instruments  should  be  tested  periodically  under 
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as  nearly  as  possible  the  working  conditions,  and  a  calibration  made 
from  which  the  corrections  to  be  applied  to  the  instrumental  readings 
could  afterwards  be  obtained.  A  valuable  check  on  the  incidental 
errors  can  be  made  by  plotting  the  observation  readings  on  graph  paper 
to  a  time  base  immediately  after  such  readings  are  obtained.  Any 
incidental  error  of  a  serious  nature  would  then  have  a  chance  of  being 
immediately  discovered  by  comparison ;  that  is,  any  change  in  one  of  the 
independent  variable  conditions  is  usually  reflected  by  a  corresponding 
variation  in  one  or  more  of  the  other  operating  conditions,  and  the 
graphical  plotting  would  clearly  show  whether  this  occurred  or  not.  It 
perhaps  requires  to  be  mentioned  that  when  results  are  plotted  on 
graph  paper,  the  scale  adopted  should  read  to  about  the  same  degree  of 
accuracy  as  the  instrument  concerned. 

Without  going  into  the  theory  of  probabilities  as  regards  the  probable 
influence  of  instrumental  and  personal  errors  on  the  final  result  of  a 
combination  of  observations,  it  may  be  stated  that  the  resultant  error  is 
not  likely  to  be  so  great  as  the  possible  aggregate  errors  due  to  all  the 
instruments  and  observers  involved ;  but  in  any  case  care  should  be 
exercised  not  to  claim  too  great  an  accuracy  in  the  final  result,  as  it  is 
evident  that  the  average  reading  of  any  one  instrument  cannot  be 
considered  to  be  much  more  accurate  than  the  instrument  itself.  It  is 
no  uncommon  thing,  for  instance,  to  find  inexperienced  persons  giving 
and  quoting  the  indicated  horse-power  of  an  engine  to  many  significant 
figures,  thereby  implying  an  extreme  degree  of  accuracy,  although  it  is 
common  knowledge  that  the  best  of  indicators  cannot  be  relied  upon 
under  all  conditions  to  give  results  to  within,  perhaps,  two  or  three  per 
cent,  of  the  true  values.  Therefore,  in  making  a  report  of  the  results 
of  important  experiments,  it  is  generally  advisable  to  estimate  the 
probable  maximum  error  of  each  measuring  instrument  and  to  calculate 
the  magnitude  of  the  greatest  possible  error  in  the  final  result,  though 
for  ordinary  work  it  is  usually  sufficient  to  describe  the  precautions 
which  were  taken  to  ensure  a  reasonable  degree  of  accuracy.  Generally 
speaking,  a  sufficient  degree  of  accuracy  in  the  calculations  of  a  motive- 
power  engine  test  can  be  obtained  by  the  use  of  four-figure  logarithms, 
or  by  the  use  of  an  ordinary  pocket  slide  rule. 

It  is  sometimes  a  difficult  matter  to  obtain  constant  conditions  during 
a  single  test,  and  the  difficulty  is  increased  when  the  conditions  have 
to  be  maintained  constant  over  a  series  of  tests,  especially  if  these 
extend  over  several  days.  The  small  variations  which  nearly  always 
occur  are  not  usually  of  serious  importance  if  the  average  results 
of  a  set  of  tests  are  plotted  on  graph  paper,  and  smoothed  out  by 
placing  a  mean  line  through  the  points.  Such  a  set  of  plotted  results 
are  shown  in  Fig.  98,  and  it  will  be  noticed  that  in  Fig.  98,  for 
instance,  the  total  steam  per  hour  has  been  corrected  by  the  smooth 
curve,  and  then  from  this  curve  the  steam  per  horse-power  per  hour  has 
been  derived.  In  any  case,  where  adjustments  have  to  be  made  to 
attain  or  to  preserve  a  reasonable  constancy  in  the  operating  conditions 
of  a  test  or  a  series  of  tests,  it  is  not  advisable  to  attempt  to  adjust  the 
conditions  in  too  rapid  a  manner,  as  it  nearly  always  takes  some  time 
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for  the  influence  of  any  particular  adjustment  to  develop.  In  other 
words,  over-regulation  should  be  avoided,  or  fluctuating  conditions  may 
be  unintentionally  introduced. 

The  duration  of  a  test  would  primarily  depend  upon  the  degree  of 
accuracy  required.  The  possible  magnitude  of  the  instrumental  and 
personal  errors  have  to  be  taken  into  consideration,  as  well  as  the 
degree  of  constancy  which  can  be  obtained  in  the  operating  conditions. 
During  the  course  of  a  test  on  a  motive-power  engine  all  the  various 
readings  of  the  thermometers,  gauges,  speed  counters,  weighing  tanks, 
indicators,  etc.,  should,  with  certain  exceptions,  be  taken  at  a  signal 
given  at  equal  intervals  of  time,  say  every  five,  ten,  or  fifteen  minutes, 
according  to  the  expected  duration  of  the  test.  Every  observation 
should  be  neatly  and  systematically  recorded,  as  well  as  plotted  on 
graph  paper  on  a  time  base  during  the  course  of  the  test,  so  that  after 
the  test  is  finished  no  doubts  should  arise  as  to  the  reliability  or 
interpretation  of  the  recorded  observations.  The  number  of  observers 
which  would  be  required  would  depend  upon  the  number  of  items 
requiring  observation,  upon  the  position  of  the  various  instruments  and 
the  skill  and  experience  of  the  observers,  and  also  upon  the  duration  of 
the  tests. 

The  average  values  of  the  pressures,  temperatures,  etc.,  are  usually 
obtained  by  adding  together  the  recorded  observations  under  each 
heading,  and  then  dividing  by  the  number  of  observations.  It  is 
evident  that  when  these  observations  are  taken  at  the  same  time  as  the 
readings  of  the  revolution  counters  and  weighing  tanks,  the  number  of 
observations  at  each  point  is  one  greater  than  the  number  of  intervals, 
which  means  that  the  average  results  ought  really  to  be  obtained  from 
the  mean  readings  between  each  interval.  For  example,  consider  the 
steam  pressure  observations  recorded  from  10.10  to  10.30  a.m.  as 
shown  below.  There  are  five  values  with  only  four  intervals,  and  the 
average  result  is  given  as  obtained  in  the  ordinary  way  by  adding 
together  and  dividing  by  five,  and  also  by  the  average  of  the  means. 


Time. 

Steam  pressure  Ibs. 
per  sq.  in.  gauge. 

Means. 

Means. 

Means. 

Mean. 

10.10 
10.15 
IO.2O 
10.25 
10.30 

123     } 
122      j 

iai's{ 

122      j 
I22'5/ 

I22'5    } 

I2I-75J 
i2i7S( 

I22-25/ 

I22-I3, 
I1I75I 

122-0    ' 

I2T94) 

I2I-88/ 

121-91 

Total  .     . 

6iro 

488-25 

365-88 

243-82 

I2I'9I 

Average  . 

I22'2 

I22'I 

122-0 

121-9 

I2I'9I 

Considering  that  it  is  implied  in  the  observations  that  the  gauge 
cannot  be  read  accurately  to  the  first  decimal  place,  the  difference 
between  these  averages  cannot  be  said  to  be  serious,  even  though  only 
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five  observations  are  considered,  and  with  a  larger  number  of  observa- 
tions of  the  same  degree  of  constancy  the  difference  would  probably  be 
still  less.  If,  however,  the  readings  showed  comparatively  large 
fluctuations  during  the  test,  and  only  a  few  observations  at  equal  time 
intervals  were  made,  the  average  of  the  means  in  column  3  might  be 
taken  to  be  more  nearly  correct  than  the  average  of  column  2. 

Many  experiments  and  tests  on  motive-power  engines  are  concerned 
with  the  determination  of  the  point  of  maximum  efficiency  under  given 
conditions  of  operation.  In  this  connection  it  should  be  carefully  borne 
in  mind  that,  as  a  rule,  the  variation  of  efficiency  on  either  side  of  the 
maximum  is  quite  small  even  for  a  comparatively  large  alteration  of  the 
conditions  obtaining  at  the  point  of  maximum  efficiency. 


CHAPTER    I 

SOME  GENERAL  PRINCIPLES  CONCERNING  MOTIVE- 
POWER   ENGINES 

Work. — When  a  force  overcomes  a  resistance  and  thus  causes  motion, 
work  is  said  to  be  done  by  that  force,  and  the  work  is  measured  by 
multiplying  the  force  by  the  distance  moved  along  the  line  of  action  of 
the  force. 

EXAMPLE. — A  force  of  10  Ibs.  acts  through  a  distance  of  5  feet. 
The  work  done  isioX5  =  5o  ft.-lbs. 

Horse-power. — Power  is  the  rate  of  doing  work;  a  rate  of  33,000 
ft.-lbs.  of  work  done  per  minute  is  called  one  horse-power.  Thus,  if  an 
engine  is  doing  work  at  the  rate  of  10,000,000  ft.-lbs.  per  minute,  the 
horse-power  is — 

10,000,000 

— =  3°3 

33,000 

Temperature. — The  temperature  of  a  body  signifies  the  intensity 
of  the  heat  in  the  body. 

The  Fahrenheit  scale  of  temperature  is  the  one  most  often  used 
by  engineers.  On  this  scale  the  temperature  of  melting  ice  is  called 
32  degrees  (32°),  and  the  temperature  of  boiling  water  at  normal 
atmospheric  pressure  (14*7  Ibs.  per  square  inch)  212  degrees  (212°). 
The  range  from  freezing  to  boiling  point  of  water  under  these  con- 
ditions is  thus  (212°  -  32°)  =  180°. 

The  Centigrade  scale  of  temperature  is  sometimes  used  by  engineers, 
but  more  often  by  physicists  and  chemists.  On  this  scale  the  tem- 
perature of  freezing  water  or  melting  ice  is  o°,  and  the  boiling  point 
100°,  both  measured  at  normal  atmospheric  pressure.  Thus,  the  range 
of  100°  on  the  Centigrade  scale  is  equivalent  to  the  range  of  180°  on 
the  Fahrenheit  scale,  or  i°  Fahr.  change  of  temperature  is  equivalent  to 

100       c° 
a  change  of  -g-  =-    on  the  Centigrade  scale. 

A  convenient  and  easily  remembered  rule  for  converting  degrees 
Fahr.  to  degrees  Cent.,  or  vice  versa,  is  to  add  40  to  the  temperature 

reading,    multiply   the   remainder  by  -  or  -,  and  subtract  40  from  the 

result,  which  gives  the  corresponding  temperature  in  degrees  Cent,  or 

degrees  Fahr.  respectively.   (See  p.  368  for  temperature  conversion  table.) 

Absolute  Temperature.— The  ordinary  Fahrenheit  and  Centigrade 
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scales  of  temperature  were  originally  formed  without  reference  to  the 
absolute  zero  of  temperature,  which  zero  temperature  may  be  defined 
as  "  that  at  which  there  would  be  absolutely  no  heat  in  a  sub- 
stance." The  absolute  temperature  is  obtained  by  adding  461  to 
the  ordinary  Fahr.  temperature,  or  by  adding  273  to  the  ordinary 
Cent,  temperature. 

EXAMPLE. — Find  the  absolute  temperatures  which  correspond  to  60° 
Fahr.  and  to  25°  Cent. 

Absolute  temperature  corresponding  to  60°  F.  =  60  +  461 

=  521°  F.  absolute 
>,  »  »  »       25°  C.  =  25  +  273 

=  298°  C.  absolute 

Heat. — The  theoretical  consideration  of  the  nature  of  heat  is  out- 
side the  scope  of  this  book.  Sufficient  information  regarding  the 
theory  of  heat  could  be  obtained  by  a  study  of  the  elementary  portions 
of  any  good  modern  text-book  on  the  subject  of  heat,  such  as  Preston's 
"  Theory  of  Heat." 

Unit  Quantity  of  Heat. — English-speaking  engineers  generally  use 
the  "  British  Thermal  Unit "  (B.Th.U.)  of  heat,  which  can  be  denned 
as  "The  amount  of  heat  which  is  required  to  raise  one  pound  of 
water  one  degree  Fahrenheit  in  temperature."  On  account  of  the 
slight  variation  in  the  specific  heat  of  water  with  change  of  temperature, 
the  above  definition  is  not  strictly  correct,  but  for  ordinary  engineering 
purposes  the  error  is  too  small  to  be  of  much  importance. 

EXAMPLE. — 50  Ibs.  of  water  are  raised  in  temperature  from  60°  F. 
to  210°  F.  The  heat  absorbed  is— 

50  x  (210  —  60)  =  7500  B.Th.U.  (approx.) 

The  Gram-calorie  or  Therm  is  another  unit  quantity  of  heat,  which 
is  not  often  used,  however,  by  engineers  in  this  country.  This  unit 
quantity  may  be  defined  as  "The  amount  of  heat  required  to  raise 
i  gram  of  water  i°  C.  in  temperature."  Since  i  Ib.  is  equal  to  453*6 
grams,  and  i°  C.  rise  is  equivalent  to  |°  F.  rise  of  temperature,  i 
B.Th.U.  =  453*6  X  f  =  252  gram-calories. 

Specific  Heat. — The  specific  heat  of  a  substance  is  the  ratio  between 
the  heat  capacity  of  the  substance  and  that  of  the  same  weight  of 
water. 

EXAMPLE. — i  Ib.  iron  raised  i°  F.  absorbs  0-114  B.Th.U. 

The  specific  heat  of  iron  is  therefore         -=0-114 

Mechanical  Equivalent  of  Heat. — The  late  Dr.  Joule,  of  Man- 
chester, was  the  first  experimenter  to  succeed  in  producing  experimental 
evidence  of  the  invariable  relation  between  mechanical  work  and  heat. 
The  mechanical  equivalent  of  heat  may  be  defined  as  "  The  number  of 
units  of  work  which  is  equivalent  to  a  unit  of  heat."  It  is  now  generally 
accepted  that  about  778  ft.-lbs.  of  work  are  equivalent  to  i  B.Th.U., 
although  Dr.  Joule's  results  were  slightly  below  this  value. 
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EXAMPLE. — The  work  done  by  the  steam  on  the  piston  of  a  steam 
engine  is  500,000  ft.-lbs.  :  find  the  amount  of  heat  which  disappears 
from  the  steam  due  to  this  work- 
Heat  equivalent  =  5°°'°00  =  643  B.Th.U. 

Steam  and  its  Formation. — The  boiling  temperature  of  water 
depends  upon  the  pressure  to  which  the  water  is  subjected,  and  the 
temperature  of  the  steam  as  it  is  formed  is  the  same  as  that  of  the 
boiling  water.  Although  there  is  no  change  of  temperature  as  boiling 
water  is  being  converted  into  steam,  a  certain  amount  of  heat  is 
absorbed  by  the  steam  during  the  process  of  formation,  which  is 
termed  "latent  heat"  because  this  heat  is  not  made  sensible  by  any 
change  of  temperature.  Under  ordinary  working  conditions  the  steam 
from  boilers  generally  carries  a  small  quantity  of  moisture  in  suspension 
in  the  form  of  very  small  globules  of  water,  such  steam  being  called 
"  wet  steam."  Saturated  steam  (sometimes  called  dry  saturated  steam) 
is  water  vapour  which  is  in  the  condition  of  equilibrium  with  water  at 
the  same  temperature  in  contact  with  it.  What  is  termed  wet  steam 
has  the  same  temperature  as  dry  saturated  steam  at  the  same  pressure, 
but  carries  water  particles  in  suspension.  The  "  dryness  fraction  "  of 
wet  steam  refers  to  the  following  ratio  : — 

Weight  of  wet  steam  —  Weight  of  contained  water-particles 
Weight  of  wet  steam 

Steam  is  said  to  be  superheated  when  it  has  a  temperature  higher 
than  that  of  saturated  steam  at  the  same  pressure. 

Tables  on  p.  373  give  the  pressure,  volume,  and  temperature  of 
saturated  steam,  as  well  as  the  latent  heat  per  pound  and  the  total 
heat  per  pound  steam  above  the  heat  contents  of  water  at  32°  F. 

EXAMPLE. — Feed-water  is  sent  to  a  boiler  at  75°  F.,  and  saturated 
steam  is  formed  at  350°  F. :  find  the  total  heat  given  to  each  pound  of 
feed-water. 

Sensible  heat  given  per  pound  =  (350  —  75)  B.Th.U. 
Latent       „  „  „       =  1114  -  07  X  350  B.Th.U.  (approx.) 

Total         „  „  „       =  (350  -  75)  +  869  B.Th.U.  (approx.) 

=  1 144  B.Th.U. 

If,  instead  of  saturated  steam,  wet  steam  had  been  formed  with 
dryness  fraction  0*97,  then  each  pound  of  wet  steam  would  only  have 
received  0*97  x  869  B.Th.U.  as  latent  heat,  because  the  i  Ib.  wet  steam 
would  retain  0*03  Ib.  water-particles  at  the  temperature  of  the  steam. 
In  this  latter  case  the  total  heat  given  per  pound  wet  steam  would 
be— 

(35°  -  75)  +  °'97  X  869  B.Th.U.  =  1117  B.Th.U.  (approx.) 

The  specific  heat  of  superheated  steam  at  constant  pressure  would 
seem  to  vary  both  with  the  pressure  and  the  temperature,  but  the  various 
results  of  experimenters  are  very  conflicting.  The  most  authentic 
results  so  far  obtained  have  been  arranged  in  tabular  form  by  Messrs. 
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Marks  and  Davis  in  their  excellent  volume  of  steam  tables.  In 
ordinary  calculations  it  is  usual,  however,  to  take  the  specific  heat  of 
superheated  steam  as  o'5  at  constant  pressure. 

EXAMPLE. — Saturated  steam  is  raised  from  350°  F.  to  500°  F. 
at  constant  pressure :  calculate  the  amount  of  heat  absorbed  by  each 
pound  of  the  superheated  steam. 

Heat  absorbed  per  pound  =  (500  —  350)0*5  B.Th.U. 

=  75  B.Th.U. 

If  wet  steam  were  sent  into  a  superheater,  the  steam  would  remain 
at  the  saturation  temperature  until  the  suspended  water-particles  were 
completely  evaporated,  after  which  it  would  rise  in  temperature  until 
it  left  the  superheater.  The  evaporation  of  the  water-particles  would, 
of  course,  involve  the  absorption  of  a  corresponding  amount  of  latent  heat. 
When  superheated  steam  is  flowing  through  a  steam  pipe  it  is  quite 
possible  for  water  to  accumulate  in  the  pipe  although  the  core  of 
steam  in  the  pipe  may  have  a  temperature  higher  than  that  of  the  water, 
but  in  such  cases  there  is  no  intimate  contact  between  the  steam  and 
the  water. 

Thermal  Efficiency. — The  thermal  efficiency  of  an  engine  refers  to 
the  ratio — 

Heat  converted  to  work 
Heat  supplied  to  engine 

EXAMPLE. — A  steam  engine  works  uniformly  at  the  rate  of  20 
indicated  horse-power,  and  400,000  B.Th.U.  are  taken  into  the  engine 
per  hour  by  the  steam  :  find  the  thermal  efficiency  of  the  engine. 

Heat  converted  to  work)  __  20  X  33,000  X  60 
at  piston  per  hour       \  ~  778 

~  .  20  X  33»°o°  X  60 

Ihermal  efficiency  =      7?8  x  400>000      =  0-127 

or  12*7  per  cent. 

Laws  of  Perfect  Gases. — The  so-called  permanent  gases,  such  as 
oxygen,  nitrogen,  and  hydrogen,  are  nearly  perfect  gases  at  ordinary 
temperatures  and  pressures,  that  is,  they  very  nearly  obey  the  law 

P  x  V 

of    perfect    gases    expressed    by  -  =  C,   where    P  =  absolute 

pressure,  V  =  absolute  volume,  r  =  absolute  temperature,  and  C  is 
a  constant  depending  upon  the  units  adopted  and  upon  the  mass  of 
gas  under  consideration. 

EXAMPLE. — A  certain  mass  of  air  has  a  pressure  of  15  Ibs.  per 
square  inch  absolute  and  a  volume  of  10,000  cubic  inches,  the  tempera- 
ture being  60°  F.  It  is  compressed  to  150  Ibs.  per  square  inch  absolute 
and  volume  1700  cubic  inches :  find  the  new  temperature. 

15  X  10,000  _       __  150  X  1700 

60  +  461  ^+461 

where  /°  F.  is  the  new  temperature ; 

/  +  461  =  885,  or  /  =  885  -  461  =  424°  F. 
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If  such  a  gas  were  compressed  or  expanded  without  change  of 
temperature  the  process  would  be  said  to  be  "isothermal,"  and  the 
formula  previously  given  would  reduce  to  P  X  V  =  constant,  which  is 
commonly  known  as  Boyle's  Law. 

EXAMPLE.  —  A  certain  mass  of  gas  at  15  Ibs.  per  square  inch 
absolute  pressure  is  compressed  isothermally  from  10,000  cubic  inches 
to  a  volume  of  1700  cubic  inches  :  find  the  new  pressure. 

15  X  10,000  =  P  x  1700 
T5  x  I 


1700 
=  88  -3  Ibs.  per  square  inch  absolute 

When  pressure  is  measured  in  Ibs.  per  square  foot,  volume  in  cubic 
feet,  and  temperature  in  °  F.  absolute,  the  value  of  C  is  53*18  for  one 
pound  of  dry  air. 

EXAMPLE.  —  One  pound  of  dry  air  has  a  pressure  147  Ibs.  per  square 
inch  absolute  and  temperature  60°  F.  :  find  the  volume  of  this  air. 

P=  147  X  144  =  2116  Ibs.  per  square  foot 
r  =  60  -f-  461  =  521°  F.  absolute 
Then,  2116  X  V  =  53-18  x  521 
y  =  53'i8X  521 

2116 
=  13-1  cubic  feet 

Specific  Heat  of  a  Gas.  —  When  a  gas  undergoes  a  change  of  volume, 
work  is  done  by  or  on  the  gas  according  to  whether  there  is  an  increase 
or  decrease  of  volume.  If  the  pressure  P  of  the  gas  were  maintained 
constant  whilst  the  volume  increased  from  V\  to  V2,  the  work  done  by 
the  gas  externally  would  be  P(V2  —  Vj),  and  since  PV  =  O  for  a 
perfect  gas,  the  work  done  by  a  perfect  gas  would  also  be  expressed 
by  C(r2  —  T!),  where  r2  and  TX  are  the  respective  temperatures  at  the 
volumes  V2  and  Vj.  The  total  heat  taken  up  by  the  gas  during  the 
above  process  would  be  partly  absorbed  in  doing  external  work,  and 
partly  in  giving  an  increase  of  internal  energy  to  the  gas  due  to  the 
change  of  temperature.  Considering  a  unit  mass  of  the  gas,  and  let- 
ting Kp  represent  the  specific  heat  at  constant  pressure,  the  total  heat 
absorbed  would  be 

Kj,(r2  -  Ti)  =  gain  of  internal  energy  +  C(r2  -  rj  .     (i) 

Now,  if  this  unit  mass  of  gas  had  been  heated  at  constant  volume 
from  TJ  to  T2,  no  external  work  would  have  been  done  during  such  heating 
process,  and  therefore  the  heat  absorbed  would  be  the  gain  of  internal 
energy  KH(r2  —  TJ),  where  Kv  is  the  specific  heat  at  constant  volume. 
It  therefore  follows  that  — 

K,(ra  -  rx)  =  K.(ra  -  T,)  +  C(r2  -  TI) 
or  KP  =  K.  +  C     ........     (2) 

It  is,  of  course,  to  be  understood  that  in  these  expressions  Kp  and 
K,  are  to  be  measured  in  work  units,  which  could,  if  desired,  be 
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converted  to  heat  units  by  dividing  each  item  in  expression  (2)  by  the 
mechanical  equivalent  of  heat. 

Work  done  by  Expanding  Gas.  —  Suppose  unit  mass  of  a  perfect 
gas  expands  from  the  absolute  pressure  Pl  and  absolute  volume  Vl  to 
Po  and  V2  ;  the  work  done  during  the  expan- 
sion could  be  represented  by  the  area  Ai2D, 
Fig.  i. 

The  expansion  or  compression  of  a  gas 
can  usually  be  expressed  by  the  law  PVM 
=  constant,  the  value  of  n  depending  upon 
the  circumstances  under  which  the  gas  is 
working. 

Then,       area  Ai 


2D  =  W  =  P'P^V 


and  since 
then 


'1  =  PAV  =  PV" 
P  =  PxV/1  XV-" 


Inserting  this  — 


FIG.  i. — Pressure-volume 
change. 


w= 


=  PV"(V'         Vl     ) 

1  V       i  -  n      ) 


P2vn  . 


i  —  n 
P1VI-P2V2 

n  —  i 


Or  again — 


for  a  perfect  gas 


*  - 


r  "  for  a  perfect 


(3) 


(4) 


Adiabatic  Expansion. — If  a  gas  expands  and  does  work,  or  is  com- 
pressed and  has  work  done  on  it,  without  receiving  or  rejecting  heat, 
the  process  is  said  to  be  "  adiabatic."  The  work  done  by  an  expanding 
gas  under  adiabatic  conditions  must  then  be  done  at  the  expense  of 
some  of  the  internal  energy  of  the  gas,  since  it  would  be  neither  receiv- 
ing heat  from  nor  rejecting  heat  to  any  external  body.  Assuming  that 
in  this  case  the  expansion  takes  place  according  to  PV"  =  B,  the 

external  work  done  by  a  perfect  gas  =  W  =  — *—     — ;  but   it  must 
also  be  equal  to  the  loss  of  internal  energy,  K,,^  —  T2),  thus — 


—  i 


But 


C  =  K,  -  Kc  (equa.  2,  p.  10) ; 

K  K 

y  -  i  =  //  -  i,  or  ^  =  n  =  y,  say 


(5) 
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Thus  adiabatic  expansion  or  compression  of  a  perfect  gas  takes  place 

TT 

according  to  the  law  pVY  =  B,  where  the  index  y  =  —  £  • 

-l^t) 

Under  isothermal  expansion  PV  =  constant,  and  both  (r^  —  r2)  and 
(n  -  i)  are  then  zero,  with  the  result  that  the  above  expressions  for 
W  became  indeterminate  for  isothermal  changes.  Returning  to  the 
fundamental  expression  — 


W 


/"V2 

=  / 

/v, 


Since  PV  =  P^  =  P2V.2, 

V  P 

P:  V,  loge  y?  =  P,  V,  loge  g 

(6) 


v2  d  v  V  P 

then  W  =  P^  =  P:  V,  loge  y?  =  P,  V,  loge  g 


a  ! 

where  /'  =  -FT-  =  p-. 

Vl  *2 

During  such  isothermal  expansion  the  gas  would  absorb  an  amount  of 
heat  equivalent  to  the  external  work  done  because  there  could  be  no 
change  of  the  internal  energy  of  the  gas. 

Under  actual  working  conditions  it  is  practically  impossible  to 
produce  either  adiabatic  or  isothermal  expansion  and  compression,  and 
the  value  of  the  index  n  generally  lies  somewhere  between  i  and  y.  It 
follows  that  if  n  <  y,  a  perfect  gas  would  be  receiving  heat  during 
expansion  or  rejecting  heat  during  compression,  and  that  if  n  happened 
to  be  greater  than  y  this  would  mean  that  the  gas  would  lose  or  reject 
heat  during  expansion,  or  would  absorb  heat  during  compression. 

Change  of  Temperature  during  Expansion  of  Perfect  Gas.— 

Since         P.V 
Ti 


or  again,  since  ~  = 


(8) 


Entropy. — The  curves  i  2  and  i  3  in  Fig.  2  respectively  repre- 
sent the  pressure-volume  diagrams  for  the  isothermal  and  adiabatic 
expansion  of  a  gas,  commencing  from  the  same  pressure  and  volume  at 
the  point  i.  During  the  isothermal  expansion  i  2  the  gas  would 
receive  an  amount  of  heat  equivalent  to  the  external  work  done. 
Suppose  the  area  ^iV^,  Fig.  3,  represents  to  some  scale  the  heat 
received  by  the  gas  during  the  isothermal  expansion,  but  arranged  so 
that  the  ordinates  represent  absolute  temperatures ;  then  the  abscissae 
are  usually  given  the  name  of  "  entropy/'  After  the  reception  of  this 
heat  it  follows  that  the  total  change  of  entropy  is  (O<f>.2  —  ()<£,),  say 
(^2  —  <£i)  if  </>:>  and  fa  signify  the  entropy  values  O<f>2  and  Ofa  respec- 
tively. 
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When  adiabatic  expansion  takes  place  the  substance  neither  receives 
nor  rejects  heat,  but  falls  in  temperature  due  to  the  loss  of  internal 
energy  caused  by  the  external  work  done.  This  means,  therefore,  that 


/'    T,  -  T2     2' 

^ 

* 

,1 

A  ret 

s 

Units 

Entr 

ipy 

FIG.  2. — Isothermal  and  adiabatic 
expansion. 


FiG.  3. — Temperature-entropy  diagram 
in  relation  to  Fig.  2. 


the  result  cannot  be  represented  by  an  area  in  the  temperature-entropy 
(T<£)  diagram,  Fig.  3,  and  the  entropy  remains  constant,  and  thus  the 
adiabatic  expansion  would  be  represented  by  the  line  1*3'  parallel  to 
the  axis  of  absolute  temperature,  the  point  3'  being  the  absolute  tem- 
perature of  the  gas  at  the  end  of  expansion.  Therefore,  in  the  T<£ 
diagram,  isothermal  expansion  or  compression  is  represented  by  a  line 
of  constant  temperature  parallel  to  the  axis  of  entropy,  and  adiabatic 
expansion  or  compression  by  a  line  of  constant  entropy. 

If  the  expansion  had  been  neither  isothermal  nor  adiabatic,  but 
somewhere  between  these,  as  represented  by  the  dotted  line  1  4 
in  Fig.  2,  the  substance  would  have  received  heat,  and  would  also  be 
lowered  in  temperature,  the  process  being  represented  in  the  T</>  diagram 
by  the  curve  1*4',  and  the  heat  given  to  the  gas  by  the  area  ^i'^^. 
The  change  of  entropy  would  be  (</>4  —  ^>i)  and  each  point  on  the  curve 
i  '4'  would  be  determined  from  the  following  conditions:  Suppose  the 
total  heat  received  to  be  divided  into  a  very  large  number  of  elementary 
portions,  each  of  SH  heat  units,  and  suppose  the  absolute  temperature 
of  the  substance  was  T  during  the  reception  of  any  portion  of  heat  8H  ; 
then,  since  SH  would  be  an  element  of  area  in  Fig.  3,  equal  to  T  x  &£, 

OTT 

where  8<J>  represents  a  corresponding  change  of  entropy,  S<f>  =  —  .  Thus 
the  total  change  of  entropy  is  the  sum  or  integral  of  all  such  elements, 
that  is  . 


The  temperature-entropy  (r<f>)  diagram  is  useful  as  an  aid  to  the  study 
of  the  theoretical  cycles  of  heat  engines,  and  its  application  to  such 
theoretical  conditions  is  not  dependent  on  the  character  of  the  working 
substance  ;  that  is,  no  matter  what  the  working  substance  may  be,  an 
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.5' 


isothermal  line  is  one  of  constant  temperature,  and  an  adiabatic  line 

one  of  constant  entropy. 

When  i  Ib.  of  water  at  T,°  F.  absolute  is  heated  to  T2°  F.  absolute, 

the  heat  received  is  (r2  —  TI)  B.Th.U./ 
which  can  be  represented  by  the  area 
<£iiV<£2,  Fig.  4,  the  gain  of  entropy 
being  fa  —  <£j).  If  the  water  is  then 
evaporated  to  saturated  steam  at  the 
temperature  T2,  this  part  of  the  heat- 
ing process  is  isothermal,  and  the 
latent  heat  received  is  represented 
by  the  area  fa's'fy,  the  change  of 
entropy  during  this  process  being 
fa  —  </>2).  Should  the  steam  be 
then  superheated  to  r4°  F.  absolute 
at  constant  pressure,  the  heat  re- 
ceived would  be  represented  by  the 
area  ^*3V^4i  and  the  change  of  en- 
tropy would  be  fa  —  </>3). 

During  the  heating  process  of  the 
water,  suppose  the  water  received  the 
small  amount  of  heat  8H  when 
the  absolute  temperature  was  T,  the 

SH 
corresponding  gain  of  entropy  would  be  —  =  S<£ ;  therefore  the  total 

/*T2  /"T2    .JTT  r^fy    .J 

change  of  entropy  (<£2  —  ^,)  =  I     d<}>  =  I        —  =  I     — ,  the  specific  heat 

J  TI  J  TI      T  J  r\    T 

being  unity ; l 

•*•  fa  -  *i)  =  loge^ (9) 

If  L  is  the  latent  heat  at  the  temperature  of  evaporation  r2,  then — 

L 


Entropy 


FIG.  4.— Temperature-entropy  diagram 
for  water  and  steam. 


Again,  during  the  superheating  process,  since  SH  =  K^oY — 


(10) 


(n) 


where   Kp  is   the   specific   heat  of  superheated   steam,  usually  taken 
as  o'5.2 

If  instead  of  saturated  steam,  wet  steam  had  been  formed  with 
the  dryness  fraction  ^,  then  the  change  of  entropy  during  evaporation 

would  have  been  fa  -  </>,)  =  gfa  -  <£2),  that  is,  q  =        _*         '  .   The 


1  This  is  not  quite  true,  because  the  specific  heat  of  water  varies  slightly  (see 
table,  p.  370). 


The 
tables. 


2  The  specific  heat  of  superheated  steam  varies  with  the  pressure  and  temperature. 
;  results  of  the  most  recent  experiments  are  eiven  in  Marks  and  Davis'  steam 
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steam  line  in  Fig.  4  shows  the  various  positions  of  the  point  3'  at  various 
steam  temperatures. 

Theoretical  Working  Cycles  for  Heat  Engines.  Carnot  Cycle.-— 
This  cycle  was  first  proposed  by  the  French  philosopher  Carnot.  All 
the  heat  which  is  supplied  to  the  working  substance  is  supposed  to  be 
taken  in  at  a  constant  temperature  TI}  and  all  the  heat  not  utilised  is 
supposed  to  be  rejected  at  a  constant  temperature  TS  which  is  lower 
than  T,.  The  ideal  pressure-volume  diagram  obtained  with  this  cycle 
depends  upon  the  character  of  the  working  substance.  In  Fig.  5  it  is 
assumed  that  the  point  i  represents  the  initial  conditions  of  a  mass  of 


FIG.  5.— Carnot  cycle  with  gas.       FIG.  6. — Carnot  cycle  with  liquid  and  vapour. 

gas  at  the  absolute  temperature  n,  and  the  gas  is  first  supposed  to 
expand  isothermally  to  the  point  2,  absorbing  an  amount  of  heat 
equivalent  to  the  work  done,  area  aizb.  At  2  the  isothermal  expansion 
is  stopped,  and  the  gas  is  then  supposed  to  expand  adiabatically  to  the 
point  3,  absolute  temperature  r3,  doing  the  work  area  ^23^.  Then  from 
3  to  4  the  gas  is  compressed  isothermally,  rejecting  the  heat  equivalent 
to  the  work  done,  area  ^34^,  and  finally  the  gas  is  supposed  to  be 
compressed  adiabatically  back  again  to  the  initial  condition  at  point  i . 
It  is  evident  that  the  nett  work  done  during  one  cycle  is  represented  by 
the  area  12341. 

If  the  working  substance  is  a  liquid  and  its  vapour,  say,  water- 
steam,  the  pressure-volume  diagram  for  the  Carnot  cycle  would  be  that 
shown  in  Fig.  6.  At  the  point  i  a  mass  of  water  or  wet  steam  at 
temperature  ^  receives  latent  heat  during  the  constant  pressure  and 
temperature  change  i  2.  From  2  to  3  adiabatic  expansion  takes  place 
to  the  temperature  r3.  Then  from  3  to  4  the  steam  is  supposed  to  be 
condensed  at  temperature  r3,  the  condensing  process  being  stopped  at 
some  point  4  so  that  the  initial  condition  at  point  i  can  be  reached  by 
the  adiabatic  compression  4  to  i .  The  nett  work  done  by  the  water- 
steam  is  thus  represented  by  the  area  12341. 

The  calculation  of  the  thermal  efficiency  of  the  Carnot  cycle  from 
the  diagrams  Figs.  5  and  6  is  rather  a  tedious  process,  especially  when 
the  working  substance  is  similar  to  water-steam  (Fig.  6),  but  it  can  be 
easily  solved  from  the  corresponding  T<£  diagrams.  No  matter  what 
the  working  substance  may  be,  let  the  heat  received  during  the 


i6 
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isothermal  .process  i  to  2  be  represented  to  some  scale  by  the  area 
^jY^o  =  H  =  (fa  —  fa)Ti>  Fig.  7.  The  adiabatic  expansion  2  to  3 
will  be  represented  by  the  line  2'3'  of  constant 
entropy.  During  the  isothermal  rejection  of 
heat  at  temperature  r3,  the  heat  rejected  by  the 
working  substance  will  be  represented  by  area 
fa^ 4' fa  =  &  =  (fa  —  fa)Ts-  Finally,  the  adiabatic 
compression  line  will  be  that  at  constant  en- 
tropy 4'i'. 


r 

K 

1 

'     r,      2' 

73 

3' 

I 
* 

^ 
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( 

Entropy 

FIG.  7.  —  Temperature- 
entropy  diagram  for 
Carnot  cycle. 


=   Tl(<t>2    —   fa)    —  T3(^2   —  fa) 

Hence,  thermal}  =  Heat  converted  to  work 
efficiency     /  ~  Heat  supplied 

_  r,(fa  -  fa)  - 


EXAMPLE. — An  ideal  engine  working  on  the  Carnot  cycle  takes 
in  heat  at  300°  F.  and  rejects  heat  at  60°  F. :  find  the  thermal 
efficiency. 

TI  =  300  +  461  =  761°  F.  abs. 

T3  =    60  H-  461  =  521°      „ 


Thermal  efficiency  = 


24O 


The  question  occurs  as  to  whether  it  is  possible  for  any  engine  to 
have  a  greater  thermal  efficiency  than  that  obtained  by  the  ideal  Carnot 
cycle  engine  when  working  between  any  given  temperature  limits. 
Suppose  a  Carnot  cycle  ideal  engine  were  driven  in  the  reverse  direction 
so  that  the  working  substance  absorbed  heat  at  the  lower  temperature 
T3  and  rejected  heat  at  the  higher  temperature  TJ.  The  whole  process 
would  be  still  represented  by  the  Figs.  5,  6,  and  7,  but  working  in  the 
opposite  direction  to  that  previously  considered.  Under  these  circum- 
stances the  engine  would  be  working  as  a  refrigerator,  absorbing  the 
heat  T;{(<£2  —  fa)  and  rejecting  the  heat  r^fa  —  fa)  to  the  hotter  side. 
Such  a  cycle  as  the  Carnot  is  thus  said  to  be  reversible.  Now,  suppose 
an  engine  could  have  a  higher  thermal  efficiency  than  the  ideal  Carnot 
cycle  engine,  and  suppose  it  is  set  to  drive  the  latter  by  means  of  a 
frictionless  combination,  it  would  then  be  possible  for  the  combination 
to  transfer  heat  from  a  cold  body,  temperature  T3,  to  a  hotter  body  at  TJ 
without  any  external  agency.  Since  our  common  experience  proves  it 
to  be  impossible  to  transfer  heat  from  a  cold  to  a  hot  body  without 
the  application  of  an  external  effort,  we  conclude  that  no  ideal  engine 
could  possibly  have  a  greater  thermal  efficiency  than  the  ideal  Carnot 
cycle. 
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The  Stirling  cycle  and  the  Ericson  cycle  are  also  ideally  perfect 
cycles  particularly  applicable  to  hot-air  engines,  and  have  the  same 
ideal  thermal  efficiency  as  the  Carnot  cycle  when  working  between 
the  same  temperature  limits.  Lack  of  space  and  the  relative  unim- 
portance of  these  cycles  preclude  their  description  in  this  book. 

Rankine  or  Clausius  Cycle  for  Reciprocating  Steam  Engines  and 
Steam  Turbines. — In  an  actual  steam  engine  the  adiabatic  compression 
of  the  water-steam  as  described  in  the  Carnot  cycle  would  prove  to  be 
altogether  inconvenient,  and  Rankine  proposed  to  substitute  the  heat- 
ing of  the  working  substance  instead  of  the  adiabatic  compression  as 
more  nearly  representing  the  actual  possibilities  of  steam  engines. 
The  pressure-volume  diagram  for  the  Rankine  cycle  is  shown  in  Fig.  8, 
and  the  corresponding  r<j>  diagram  in  Fig.  9.  Commencing  at  point  5 
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FIG.  8.— Rankine  cycle  for 
water  steam. 


FIG.  9. — Temperature-entropy  diagram  for 
Rankine  cycle  (saturated  or  wet  steam). 


and  absolute  temperature  r5  =  r3,  water  is  heated  up  to  the  absolute 
temperature  TU  and  its  pressure  raised  to  the  point  i  ;  latent  heat  is 
then  given  at  TX  from  i  to  2  ;  then  adiabatic  expansion  occurs  from 
2  to  3,  and  finally  condensation  at  the  constant  temperature  TS  and 
pressure  Ps  until  the  initial  condition  at  point  5  is  attained.  The 
corresponding  points  in  the  r<f>  diagrams  are  represented  by  the  same 
numbers  dashed. 

Considering  i  Ib.  of  water,  the  heat  received  during  the  heating-up 
process  from  5'  to  i' -l  =  area  (<£55'i'<£, )  =  (TI  —  TS).  If  q^  is  the 
dryness  fraction  of  the  steam  at  the  point  2,  and  L3  the  latent  heat  per 
pound  of  saturated  steam  at  this  temperature,  the  heat  received 
during  evaporation  is  area  c^iV^  =  ^L2. 

Total  heat  received  =  H  =  n  —  rB  -f  ^2L2. 

„       „     rejected  =  h  =  area  fe's'^s  =  ?3L3 

where  q.A  and  L3  are  the  dryness  fraction  and  the  latent  heat  per  pound 
of  saturated  steam  at  temperature  T:}  respectively. 

1  The  small  amount  of  work  which  is  required  to  raise  the  pressure  of  the  water 
from  the  lower  to  the  higher  limit  is  neglected. 

c 
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Heat  converted  to  work  =  area  s'1'2'^' 

=  H  -  //  =  TI  -  T3  +  &L.2  -  ?3L3 

.         .  Heat  converted  to  work      H  —  h 

Thermal  efficiency  =  -  —  =  —  ==  — 

Heat  supplied  H 

T!  -  T3  +  ftlg  - 


Before  this  expression  can  be  used  it  is  necessary  to  determine  the 
value  of  qz.     Considering  Fig.  9  — 

fai  -  &)  =  log.     (see  p.  14) 


/.  (</>,  -  *,)  =  log.     4-         =  (&  -  *.) 
But  (<£3  -  $B)  =  ?£8 

L3  T!       ff2L2 

thus  ?3~  =  l°g,-  +  — 

ft^^flog.^^YwdT 

J-^3^  T3  T2    7 

Inserting  for  <73  in  the  expression  (13),  then— 


Thermal  efficiency  =  -     T     S  -  1^    (14) 


EXAMPLE.  —  One  pound  water  at  150°  F.  is  heated  to  330°  F.  and 
evaporated  to  saturated  steam  at  this  latter  temperature,  being  then 
expanded  adiabatically  to  i5o°F.  The  steam  is  then  condensed  to 
water  at  150°  F.,  thus  completing  the  Rankine  cycle.  Calculate  the 
thermal  efficiency. 

TI  =  330  +  461  =791°  F.  absolute. 

t3=  150  +  461  =  611°  F.      „ 

L2  =  88i'7  B.Th.U.  per  Ib. 

?2    =    I- 

...  (791  -6u)4-  8817  -  6n(log.  Iil4-??L 

Thermal  efficiency^  _  v/y  _  '  _  V    fee  6n        791 

(Rankine  cycle)  /  (791  -  611)  +  8817 

=  0-208 
With  the  Carnot  cycle  working  between  the  same  temperature  limits 

the  thermal  efficiency  would  be  —  -  —  =  0*228.     It  is  thus  seen 

791 

that  the  Rankine  cycle  is  not  quite  so  efficient  theoretically  as  the 
Carnot.  The  reason  for  this  is  evident  from  Fig.  9,  as  the  heat  which 
is  represented  by  the  area  ^Y^  only  contributes  the  area  s'i'4's'  as 
the  heat  equivalent  of  the  work  done. 
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When  superheated  steam  is  used  on  the  Rankine  cycle  the  pressure- 
volume  diagram  would  have  the  same  form  as  in  Fig.  8,  but  the  T<£ 
diagram  would  be  modified  as  shown  in  Fig.  10. 
Commencing  with  water  at  5'  and  temperature 
at  TB,  it  would  first  be  heated  to  TJ  and  then 
evaporated  to  saturated  steam  to  point  6'. 
Superheating  would  then  take  place  at  con- 
stant pressure  to  2',  after  which  adiabatic 
expansion  would  be  obtained  to  the  pressure 
P5,  but  not  necessarily  to  the  temperature  ra. 
If  the  point  3'  happened  to  coincide  with  point 
7',  or  if  the  adiabatic  line  2' 3'  cuts  the  satu- 
rated steam  line,  then  r3  =  TS,  but  otherwise 
r3  >TS.  Cooling  followed  by  condensation 
takes  place  at  the  constant  pressure  P5  until 
the  initial  condition  at  point  5'  is  obtained. 

Total  heat  received  =  area  <f>5q'i'6V 


°'5(*a 


Entropy 


rejected  =  area  <f>23'j'$'<t>5  FlG-    I0- — Temperature- 

=  h  =  O'5(r3  —  T5)  +  L5         entropy  diagram  for  Ran- 

L!  =  latent  heat  per  pound  at  ^naem)  cycle     (superheated 

temperature  TJ 
L5  =  latent  heat  per  pound  at  temperature  r5 


Thermal  efficiency  =  — g- 


3-T5)  +  L5} 


Tj   -  T5  +  L,!  +  0'5(T2  -  Tl) 

The   value  of  r3  can  be  determined  by  considering  the  changes  of 
entropy. 


~ 


since 
then 


2   —   <#»5  =   <^3   —   <f>5 


_  (l6) 


If  the  point  3'  should  fall  on  the  constant-temperature  line  TC,  then 
the  dryness  fraction  corresponding  to  the  point  3'  would  be  calculated 
in  the  same  manner  as  described  on  p.  18.  In  that  case  the  heat 
rejected  would  be  ^3L5. 

Referring  again  to  Figs.  8  and  9,  suppose  the  expansion  of  the 
steam  were  stopped  at  point  c>  Fig.  8,  and  the  steam  cooled  in  the 
cylinder  at  constant  volume  from  c  to  d>  or  liberated  to  a  condenser 
at  the  point  c,  the  available  work  which  would  thereby  be  lost  would 
be  represented  by  the  area  c$d.  The  corresponding  constant-volume 
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line  c'd'  is  shown  dotted  on  the  T<£  diagram,  Fig.  9,  and  the  loss  of 
work  expressed  in  heat  units  would  also  be  represented  by  area  <!$d. 

The  application  of  the  theoretical  Rankine  cycle  to  steam  turbines 
as  well  as  to  reciprocating  steam  engines  is  based  upon  the  following 
considerations.  Referring  to  Fig.  8,  where  the  area  12351  represents 
the  work  done  per  unit  weight  of  water-steam  in  one  complete  passage 
round  the  Rankine  cycle,  it  is  evident  that  this  area  could  be  built  up 
as  a  series  of  elementary  areas,  either  by  means  of  vertical  lines  or  by 
horizontal  lines.  Thus  the  area  12351  can  be  expressed  by  /  ¥dv 
when  referring  to  piston  engines,  or  by  /  Vdp  when  referring  to  steam 
turbines,  where  P  and  V  represent  pressure  and  volume  respectively, 
and  where  dp  and  dv  respectively  represent  small  increments  of  pressure 
and  volume. 

Otto  Cycle  for  Internal  Combustion  Engines. — In  the  ideal  Otto 
cycle,  air  is  supposed  to  be  compressed  adiabatically  from  the  point  i 
to  point  2,  Fig.  u,  and  it  then  receives  heat 1  at  constant  volume,  rising 


FIGS.  II,  12. — Otto  cycle,  pressure- volume,  and  temperature-entropy  diagrams. 

in  pressure  from  2  to  3.  From  3  to  4  adiabatic  expansion  takes  place ; 
afterwards  heat  is  rejected  at  constant  volume,  the  pressure  falling  from 
4  to  i,  and  this  completes  the  cycle. 

Let  P!,  P2,  P3,  P4,  and  V1}  V2,  V3,  V4,  represent  absolute  pressures  and 
volumes  at  the  corresponding  points  respectively,  and  let  TI}  r2,  r3,  r4,  be 
the  respective  absolute  temperatures. 

Since  V4  =  Vx  and  V3  =  V2 

V       V 

- Y  =  ~Y  =  r,  the  compression  ratio. 


But 


and 


or  again 


T4    -   Tj 


1  Whether  the  heat  received  is  due  to  internal  combustion  or  to  heat  obtained 
from  an  external  source  does  not  affect  the  problem  under  consideration. 
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that  is  r~  —  T~ 

But  since  -1 ; 


s-or 


then  ^7.=  ^;  (I7) 

The  T<£  diagram  is  given  in  Fig.  12,  the  various  numbers  corre- 
sponding to  those  of  Fig.  n. 

Heat  received  at  constant  volume)  _  area  ,  2>  >, 
from  2'  to  3'  i 

=  K,(r3  -  r2)  =  H 

Heat  rejected  at  constant  volume)  _  area  ^Y^ 
from  4'  to  i'  ) 

=  Kv(r4-r1)=/5 
Heat  converted  to  work  =  area  I'dtfji' 

V    I-  ~    \  TT    (T  T\ 

=  rvv(T3  —  T2;  —  ^^^4  —  rl) 
Thermal  efficiency  =  -  ^ 

K^Ta  -    T2)   -    K,,(T4  -  Ta) 


T3  -  T2 
Tl 


This  shows  that  the  ideal  efficiency  of  the  Otto  cycle  with  air  as  the 
working  substance  depends  only  upon  the  compression  ratio.  Recent 
experiments  have  shown  that  the  values  of  K,  for  the  actual  working 
substances  of  internal-combustion  engines  increases  with  increase  of 
temperature,  so  this  should  be  borne  in  mind  when  comparing  the 
actual  efficiency  of  the  Otto  cycle  engine  with  the  above  theoretical 
values. 

EXAMPLE. — An  Otto  cycle  gas  engine  has  a  ratio  of  compression  6. 
Assuming  air  to  be  the  working  substance,  calculate  the  ideal  thermal 
efficiency. 

Thermal  efficiency  =  i  -  |(1'41  - J) 

=  i  —  0-48  =  0-52 

The  extreme  temperature  limits  on  the  Otto  cycle  are  from  T:  to  TS. 
The  ideal  thermal  efficiency  of  the  Carnot  cycle  working  between  these 

temperature  limits  would  be  i ,  and  comparing  this  with  the  Otto 

T3 

cycle  efficiency,  it  is  seen  that  the  Carnot  cycle  is  theoretically  more 
efficient  than  the  Otto. 
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Although  the  gases  in  an  actual  Otto  cycle  engine  are  liberated  from 
the  cylinder  at  the  point  4,  Fig.  n,  the  thermal  results  are  theoretically 
the  same  as  if  the  pressure-drop  at  the  exhaust  point  4  was  obtained  by 
cooling  the  gases  in  the  cylinder  at  constant  volume  down  to  the 
initial  temperature  rr  Therefore  the  suction  and  exhaust  strokes  are 
not  considered  as  they  do  not  affect  the  theoretical  cycle. 

Joule  Cycle. — Although  the  Joule  cycle  has  been  tried  by  several 
inventors,  no  internal  combustion  engine  working  on  this  cycle  seems  to 
have  had  any  decided  commercial  success,  unless  the  Diesel  engine  can 
be  considered  to  work  on  a  particular  form  of  this  cycle. 

The  pressure- volume  diagram  for  this  cycle  is  represented  in  Fig.  13. 
The  working  fluid  is  supposed  to  be  a  perfect  gas,  such  as  air,  which  is 
first  drawn  into  a  pump  or  compressor  cylinder  from  i  to  2  at  a  con- 
stant pressure  Pt.  It  is  then  compressed  adiabatically  from  2  to  3  by 
the  pump,  being  finally  discharged  into  a  receiver  at  the  constant  pres- 
sure P3  from  3  to  4.  The  fluid  is  then  supposed  to  receive  heat  at 


Q yj-  T2  YS    re 

FIGS.  13,  14.— Joule  cycle,  pressure- volume,  and  temperature-entropy  diagrams. 


constant  pressure  P3,  entering  the  motor  cylinder  from  4  to  5,  under- 
going >an  increase  of  volume  from  3  to  5  due  to  the  increase  of  tem- 
perature obtained  in  the  heating  process.  Adiabatic  expansion  takes 
place  from  5  to  6,  and  the  fluid  is  then  exhausted  at  the  constant  pres- 
sure P!  from  6  to  i.  The  net  work  done  by  the  compressor  or  pump 
is  represented  by  the  area  12341,  and  the  net  work  done  in  the 
motor  cylinder  by  the  area  45614.  Since  the  motor  is  supposed  to 
drive  the  compressor,  the  real  net  work  done  by  the  combination  of 
motor  and  compressor  is  represented  by  the  net  area  23562.  This 
result  is  the  same  as  would  be  obtained  if  it  were  assumed  that  the 
working  fluid,  initially  of  volume  1 2  and  at  pressure  PI,  was  adiabatically 
compressed  in  the  motor  cylinder  from  2  to  3 ;  then  received  heat  at 
constant  pressure  in  the  motor  cylinder  from  3  to  5 ;  afterwards 
expanded  adiabatically  from  5  to  6  ;  and  finally  cooled  in  the  motor 
cylinder  at  constant  pressure  from  6  to  2,  the  cycle  being  thus  completed 
without  the  aid  of  a  pump  or  compressor. 

Then,  if  Kp  is  the  specific  heat  of  the   perfect   gas   at   constant 
pressure, 

Heat  received  per  unit  mass  of  gas  from  3  to  5  =  Kp(r5  —  TS)  =  H 
„     rejected       „  „  „         6  to  2  =  Ky(re  -  r2)  =  h 
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Thermal  efficiency  =  ^^  =  (r>  ~  ^  ~  (T'  ~  ^ 

-tl  TK     •—     T-j 


T6   —  T2 


-1_^_J (I9) 

Now,  since  lines  2  3  and  5  6  are  adiabatics,  where  the  law  of  com- 
pression and  expansion  is  PVV  =  constant,  then — 


Tg          T2  T2          T3 

T6   -  T2         T5   -  T3 


and  consequently 

T2  T3 

.     T6   —  T2          Ta 


-  T3          T3 


Thus,  thermal  efficiency  =  i~T2=i--=i-(-)  (20) 

TS  Ts  V' 

where  ;•  =  ^  =  — ? 

Since  TS  and  r2  are  the  higher  and  lower  limits  of  temperature 
respectively,  it  follows  that  the  ratios  —  and  -  are  necessarily  greater 

than  — ,  and  that  the  Joule  cycle  has  therefore  a  lower  efficiency  than 

the  Carnot  cycle  working  between  the  same  extreme  temperature  limits 
TS  and  T2. 

In  the  Diesel  engine,  air  is  compressed  from  2  to  3  in  the  motor 
cylinder.  Fuel  is  then  injected  and  burns  at  nearly  constant  pressure 
in  the  cylinder,  after  which  the  gases  expand  to  the  original  volume  and 
are  then  exhausted  from  the  cylinder.  Assuming  that  the  compression 
and  expansion  are  adiabatic,  the  Diesel  cycle  could  be  represented  by 
the  diagram  23572,  Fig.  13.  It  is  seen  that  the  work  lost  due  to 
exhausting  at  the  point  7  is  represented  by  the  area  2762,  but  practical 
considerations  prevents  the  expansion  being  continued  beyond  the 
original  volume  at  2.  This  slightly  lowers  the  theoretical  efficiency  of 
the  Diesel  cycle  as  compared  with  the  Joule  cycle. 

The  T<£  diagrams  for  the  Joule  and  the  Diesel  cycles  are  represented 
in  Fig.  14. 

Refrigeration. — On  p.  16  it  was  mentioned  that  the  reversed  Carnot 
cycle  could  be  used  for  refrigeration  purposes,  that  is,  on  this  reversed 
cycle,  heat  could  be  extracted  from  a  substance  or  body  and  transferred 
to  a  hotter  body  by  the  application  of  external  effort.  Owing  to  prac- 
tical considerations  it  was  soon  found  out  that  when  air  is  used  as  the 
working  substance,  the  reversed  Joule  cycle  is  more  suitable  than  the 
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Carnot,  but  since  the  introduction  of  vapour-compression  refrigerating 
plants  a  modification  of  the  Carnot  cycle  has  been  found  to  be  the  most 
suitable  for  vapours,  this  modification  being  very  nearly  the  reversed 
Rankine  cycle. 

In  the  ideal  reversed  Joule  cycle  it  may  be  assumed  that  air  is  the 
working  substance.  The  compression  cylinder  takes  in  air  from  i  to  6 
(Fig.  13)  on  the  suction  stroke  at  constant  pressure,  this  air  coming 
from  the  refrigerating  chamber.  It  is  compressed  adiabatically  on  the 
return  stroke  6  to  5,  and  is  then  rejected  from  5  to  4  into  a  cooler 
at  constant  pressure  where  the  air  is  cooled  down  somewhat  by  means 
of  circulating  water.  The  air  is  then  drawn  from  the  cooler  into  an 
expansion  cylinder  from  4  to  3,  where  it  is  expanded  adiabatically 
from  3  to  2,  and  on  the  return  stroke  sent  to  the  refrigerating  chamber 
at  constant  pressure  and  temperature  from  2  to  i. 

It  is  evident  that  if  the  compression  and  expansion  cylinders  are 
used  in  combination,  the  net  result  is  the  cycle  32653.  To  simplify 
calculations,  let  it  be  assumed  that  a  single  cylinder  with  a  working 
piston  contains  a  certain  mass  of  air,  and  suppose  that  this  air  goes 
through  the  cycle  32653.  At  the  point  3  the  piston  is  at  the  end  of 
the  stroke  and  the  volume  of  air  is  V3  (Fig.  13).  The  air  is  expanded 
adiabatically  from  3  to  2  ;  then  the  refrigerated  body  is  brought  into 
contact  with  the  air,  the  latter  taking  in  heat  as  the  volume  increases  to 
point  6.  This  refrigerated  body  is  then  supposed  to  be  taken  out  of 
contact,  and  the  air  compressed  adiabatically  along  65.  At  the  point  5 
the  air  is  cooled  until  the  volume  again  becomes  that  at  point  3,  and 
the  cycle  is  then  complete. 

Let  Kp  =  specific  heat  of  the  air  at  constant  pressure.  Let  r2,  r3, 
T5,  TS  represent  the  absolute  temperatures  of  the  air  at  the  respective 
points.  Then — 

Heat  received  from  2  to  6 )__«./  \  _  / 

per  unit  mass  of  air       }  ~ 
Heat  rejected  from  5  to  3)  _  TT  /  \_ TT 

per  unit  mass  of  air.      I  ~ 

The  net  work  done  on  the  air  is  the  area  32653,  and  the  heat 
equivalent  of  this  is  (H  —  h)  per  unit  mass  of  air. 

The  ideal  performance  is  then  expressed  as — 

Heat  obtained  from  refrigerator 
Coefficient  of  performance  =  1^equlvalent  of  work  done 

K,(r,  -  r2) 

^Tg  -  r2) 


It  was  shown  on  p.  23  that  — 


T6   ~   T2          T2          T« 

.*.  Coefficient  of  performance  =  -      —  ==—       -   .     (21) 

T3  -  T2          T5  -  T6 
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From  this  expression  it  is  seen  that  for  any  given  temperature  con- 
ditions T2  or  T6,  the  smaller  the  range  (r3  —  r2)  or  (r5  —  T«)  the  greater 
is  the  coefficient  of  performance. 

Ammonia,  sulphur  dioxide,  and  carbonic  acid  vapours  are  now  largely 
used  as  the  working  substances  for  refrigerators,  usually  providing  a  more 
economical  and  cheaper  installation  than  the  air  machine.  On  p.  311, 
Chapter  XIII.,  an  outline  diagram  of  the  vapour-compression  refrige- 
rating plant  is  given,  together  with  an  explanation  of  the  system  of  opera- 
tions. As  mentioned  on  p.  24,  it  is  found  convenient  to  use  the  reversed 
Rankine  cycle  as  representing  the  ideal  conditions  with  a  vapour  as  the 
working  substance.  Referring  again  to  Fig.  8,  p.  17,  the  compressor 
piston  is  supposed  to  be  at  the  end  of  the  stroke  at  point  3,  and  the 
cylinder  to  contain  the  volume  of  vapour  ^3.  This  vapour  is  com- 
pressed adiabatically  along  the  line  3  2,  and  is 
then  condensed  in  the  water  surface  condenser 
as  it  is  discharged  along  2  i  at  constant  pressure 
and  temperature.  The  liquid  is  then  supposed 
to  pass  over  to  the  refrigerator  and  to  get  cooled 
down  until  it  attains  the  temperature  correspond- 
ing to  the  vapour  pressure  at  point  5,  when  it  is 
passed  through  a  throttle  valve  and  vaporised 
by  the  heat  obtained  from  the  refrigerator,  the 
vapour  being  taken  into  the  compressor  cylinder 
on  the  suction  stroke  5  3. 

The  T<£  diagram  is  reproduced  in  Fig.  15. 
From  3'  to  2'  is  adiabatic  compression ;  2'  to  i' 
rejection  of  latent  heat  to  the  condenser ;  i'  to 
5'  the  liquid  is  cooled  in  the  refrigerator  before 
passing  through,  or  as  it  passes  through  the 
throttle  valve,  and  then  vaporised  from  5'  to  3'. 
In  this  figure  the  vapour  at  3'  is  supposed  to  be 
sufficiently  wet  to  just  produce  saturated  vapour 
at  the  point  2',  and  this  is  known  as  the  "  wet  compression  "  system. 

Considering  unit  mass  of  vapour,  say  one  pound,  and  expressing 
heat  in  British  thermal  units. 

Let  LX  =  latent  heat  per  pound  of  saturated  vapour  at  2'. 

L3=      „  „.  „  „  ,,  3'. 

^3  =  dryness  fraction  of  vapour  at  3^. 
s  =  specific  heat  of  liquid. 

Then,  Total  heat  rejected  to  condenser  =  area  ffr^'i'fa  =  Lj 

Heat  in  liquid  at  point  i')  ,    ,  , ,          /  N 

above  heat  at  5'         \  =  area  *».«*-'«-  T^ 
Total  heat  required  to  vaporise)  _     T 
the  liquid  from  5'  to  3' 

Since  the  liquid  was  supposed  to  be  sent  to  the  refrigerator  at 
the  point  i,  and  was  supposed  to  be  then  cooled  down  to  the  tem- 
perature at  point  5,  the  heat  sfa  —  r3)  in  the  liquid  at  point  i  would 
be  used  in  vaporising  some  of  the  liquid  which  has  already  passed 
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FlG.  15. — Temperature- 
entropy  di'agram  of  re- 
versed Rankine  cycle  for 
refrigerators  (wet  com- 
pression). 
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through  the  throttle  valve,  or  this  heat  could  be  supposed  to  pass  into 
the  refrigerated  substance  before  throttling,  to  be  afterwards  extracted 
during  the  vaporising  process.  Therefore  the  net  amount  of  heat 
taken  from  the  refrigerated  substance  (the  refrigeration  effect)  is — 

Area  <£55'3'</>2  —  area  c^i^'^  =  area  <jf>66'3'^>2,  say 

Heat  equivalent  to   workl_area    '2YcV 
done  by  compressor      f 

=  area  faz'i's'fa  —  area  fas' 3' fa 

Refrigeration  effect 

Coefficient  of  performance  =  77 —      — : — = —  — =—j — 

Heat  equivalent  to  work  done 


* 


,      , 


The  value  of  q.A  could  be  obtained  as  described 
on  p.  1 8  for  the  Rankine  cycle. 

In  the  "  dry  compression "  system  the 
vapour  is  arranged  to  be  practically  saturated 
at  the  end  of  the  suction,  and  the  vapour  is 
then  compressed  adiabatically,  being  thereby 
superheated  as  represented  in  Fig.  16. 

Let  Kp= specific  heat  of  superheated  vapour 
at  constant  pressure.  Then — 

Total  heat  rejected) 
to  condenser       / 
Net  amount  of  heat 


\   .   T 
"  nH 


FlG.  16. — Temperature- 
entropy  diagram  of  re- 
versed Rankine  cycle  for 
refrigerators  (dry  compres- 
sion). 


=  (area 


-  area 


say 
-  TS) 


taken  from  re- 
frigerator or  re- 
frigeration effect 

=  area 

=  L3- 

1  Let  Pt  =  vapour  pressure  in  condenser  coil,  Ibs.  per  sq.  ft. 
P2  =        „  „  refrigerator ,,        „  ,, 

v  —  volume  of  i  Ib.  liquid,  cubic  feet. 

It  is  usual  to  consider  that  the  work  done  by  the  liquid  as  it  passes  through  the 
—  PZ)V  ft.-lbs.  per  pound  of  liquid,  and  the  heat  equivalent  to 

The   total  heat   carried  into  the  refrigerator  per  pound 
<Pi- 


throttle  valve  is 

this  (— '  -J^  B.Th.U. 


liquid  therefore  becomes    S(TI  —  r3)  -f- 


778 


B.Th.U.     This    latter    expression 


does  not  truly  represent  what  really  occurs  during  the  throttling  of  the  liquid,  for  some 
of  the  liquid  becomes  vaporised  as  it  passes  through  the  throttle  valve,  whereas  in 
this  expression  it  appears  to  be  implied  that  such  vaporisation  takes  place  after  the 
throttling  is  complete  ;  the  final  result,  however,  is  practically  the  same.  Then — 


Coefficient  of  performance  = 


+  *(r\  ~  r3)  - 


(23) 


In  the  case  of  ammonia  and  sulphur  dioxide  machines  the  work  done  by  the  throt- 
tling of  the  liquid  is  practically  negligible,  but  with  carbon  dioxide  as  the  working 
substance  it  happens  to  be  appreciable  and  should  then  be  taken  into  consideration. 
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Heat  equivalent  of  work  done)  _ 
at  compressor 

Coefficient  of  performance 


Refrigeration  effect 
Heat  equivalent  of  work  done 


,      } 


By  equating  fa  and  fa  the  temperature  r2  can  be  calculated  in  the 
manner  indicated  on  p.  19  when  dealing  with  the  Rankine  cycle  for 
superheated  steam. 

Mean  Effective  Pressure.  —  The  mean  effective  force  acting  on  an 
engine  piston  per  unit  of  piston  area  is  usually  termed  the  "  mean 
effective  pressure"  (M.E  P.).  There  are  two  methods  in  general  use 
by  which  the  M.E.P.  can  be  found  from  the  indicator  diagram,  viz. 
by  means  of  ordinates  and  by  means  of  a  planimeter.  Fig.  17  illustrates 


FIG.  17.— Mid-ordinate  method  of  measuring  mean  effective  pressure. 

the  mid-ordinate  method  as  applied  to  a  steam  engine  indicator  diagram. 
AL  is  the  atmospheric  line,  and  the  ordinates  i,  2,  3  .  .  .  10  are  set 
up  at  right  angles  to  AL,  and  are  spaced  so  that  the  equal  distances  be- 
tween the  ordinates  i  to  2,  2  to  3,  etc.,  are  double  the  distance  between 
ordinate  i  and  the  left-hand  end  of  the  diagram,  and  between  10  and 
the  other  end.  A  method  sometimes  adopted  to  determine  the  correct 
positions  for  the  ordinates  is  to  set  out  the  lines  GF  and  HI  at 
right  angles  to  the  atmospheric  line  and  touching  the  extreme  ends  of 
the  diagram.  Then  set  out  AK  at  any  convenient  angle,  marking  off 
the  divisions  A  to  i',  i'  to  2',  etc.,  so  that  the  distances  A  to  i'  and  10' 
to  K  are  only  half  the  distances  i'  to  2',  2'  to  3'  .  .  .  9'  to  10'.  Join 
KL  and  draw  parallels  from  the  various  points  i'  to  10',  cutting  the 
atmospheric  line  in  corresponding  points  i  to  10,  the  latter  then  giving 
the  positions  at  which  the  ordinates  are  to  be  erected. 

The  ordinate  positions  could  be  found  rapidly  by  setting  a  five-inch 
rule  across  the  diagram  so  that  the  zero  point  of  the  rule  is  on  the  line 

1  See  note,  p.  26. 
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GF  and  the  five-inch  mark  on  the  line  HI.  Pricking  off  the  points  at 
\  inch,  |  inch,  i^  inch  up  to  4|  inches,  would  give  the  positions  for  the 
ordinates  drawn  parallel  to  GF  or  HI. 

When  a  large  number  of  diagrams  have  to  be  dealt  with  by  the 
ordinate  method,  especially  if  the  diagrams  are  of  various  lengths,  a 
quick  method  to  find  the  ordinate  positions  is  illustrated  in  Fig.  18. 
The  lines  BC  and  BE  are  set  out  at  right  angles  on  a  sheet  of  paper, 
BC  being  made  5  or  6  inches  long  and  BE  about  10  inches  long.  BC 
is  divided  up  by  the  points  i,  2,  3,  4  .  .  .  10,  so  that  B  to  i  and  10  to 
C  are  only  half  the  uniform  distances  i  to  2,  2  to  3,  etc.  All  these 
points  from  C  to  B  are  joined  up  to  E,  and  a  diagonal  diagram  is  thus 
obtained.  The  manner  in  which  this  diagram  is  used  is  as  follows  : 
The  two  lines  GF  and  HI  are  set  out  at  right  angles  to  the  atmospheric 
line  and  touching  the  extreme  ends  of  the  indicator  diagram,  which  is 


10  C 


FIG.  1 8. — Diagonal  diagram  for  finding  positions  of  mid-ordinates. 

then  placed  so  that  GF  is  on  the  line  BE,  Fig.  18,  and  the  end  I  of  line 
HI  is  on  CE.  Where  the  various  lines  lE,  2E,  etc.,  intersect  the  edge 
FI  of  the  card  gives  the  positions  for  the  erection  of  the  ordinates. 

After  the  ordinates  are  erected  on  the  indicator  diagram  the  dis- 
tances from  the  back-pressure  line  to  the  forward-pressure  line  are 
measured  up  by  a  scale  corresponding  to  the  indicator  spring  so  as  to 
read  direct  in  pounds  per  square  inch,  and  the  values  so  obtained  are 
marked  over  the  corresponding  ordinates.  The  ten  numbers  are  added 
together  and  the  result  divided  by  ten  gives  the  mean  effective  pressure 
in  pounds  per  square  inch. 

A  planimeter  measures  the  area  of  the  indicator  diagram,  say  in 
square  inches.  This  area  divided  by  the  length  of  the  diagram  in  inches 
represents  the  mean  distance  from  the  back-pressure  to  the  forward- 
pressure  line,  and  the  mean 'effective  pressure  is  found  by  multiplying 
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the  mean  height  by  the  number  of  pounds  per  square  inch  correspond- 
ing to  one  inch  on  the  diagram.  As  illustrated  by  the  line  sketch  in 
Fig.  19,  one  of  the  best-known  types  of  planimeters  consists  of  two 
links,  KL  and  PLE,  with  a  roller  R  on  PLE.  Usually  the  pivot  L 
and  the  axle  of  the  roller  R  are 
carried  on  a  slide  so  that  the  distance 
PL  can  be  adjusted.  If  the  area  is 
to  be  measured  in  square  inches,  a 
mark  on  the  slide  is  set  opposite  a 
particular  mark  on  the  rod  PE.  When 
using  the  planimeter  the  point  P  is 
made  to  trace  out  the  diagram  in  the 
clockwise  direction;  the  point  K  is 
fixed  so  that  KL  can  swivel  about  K, 
and  the  roller  R  rotates  according  to 
the  direction  of  the  motion  of  PE. 
The  procedure  is  as  follows  :  Pin  the 
indicator  card  securely  on  to  a  smooth 
drawing  board  and  set  the  point  P 
at  any  convenient  point  on  the  dia- 
gram. Fix  the  pin  K  by  pricking  it 
into  the  board,  and  allow  the  edge  of 
the  roller  R  to  roll  freely  on  a  piece 
of  plain  paper  which  is  not  too  smooth 
and  which  is  pinned  securely  to  the  FlG<  I9._Amsler  planimeter  for 
board.  It  is  well  to  arrange  the  measuring  areas.  • 

position  of  K  so  that  KL  and  PL 

are  about  at  right  angles  when  P  is  in  the  middle  of  the  diagram.  Note 
carefully  the  reading  on  the  scales  of  the  dial  S  and  the  roller  R; 
usually  a  vernier  is  fixed  for  use  with  the  scale  on  R.  Then  take  the 
pointer  P  round  the  diagram  in  the  clockwise  direction l  until  it  again 
comes  to  the  initial  position,  when  the  scales  on  S  and  R  are  again 
read.  The  difference  between  the  final  and  initial  readings  gives  the 
area  of  the  diagram.  It  is  advisable  to  go  round  the  diagram  two  or 
three  times,  noting  the  readings  at  each  completion  of  the  cycle  to  see 
that  the  results  are  in  close  agreement.  The  length  of  the  diagram  is 
the  distance  between  GF  and  HI  measured  along  the  atmospheric  line 
in  Fig.  17. 

The  mean  height  of  the  diagram  can  be  obtained  directly  if  the 
distance  between  a  pointer  M  on  PE  and  a  pointer  N  on  the  slide  is 
set  equal  to  the  length  of  the  diagram.  The  pointer  P  is  taken  round 
the  diagram  as  before  described,  the  readings  on  the  scales  being 
noted.  The  difference  between  final  and  initial  readings  now  gives  the 
mean  height  of  the  diagram  to  a  scale  which  can  easily  be  found  by 
measuring  a  rectangle  of  known  dimensions. 

Before  using  a  planimeter  it  should  be  inspected  and  tested  to  see 

1  If  the  expansion  line  crosses  the  back-pressure  line  a  negative  loop  is  formed, 
which  would,  of  course,  be  traced  out  in  the  anti-clockwise  direction  by  the  plani- 
meter. 
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that  the  roller  R  can  rotate  quite  freely  without  allowing  any  slackness 
between  the  axle  and  its  supports,  and  the  pivot  L  should  also  work 
freely  without  slackness,  adjustments  being  always  provided.  It  is  also 
best  to  test  a  new  planimeter  by  measuring  a  known  area  such  as  a 
rectangle.  In  all  cases  the  indicator  card  and  the  paper  on  which  R  is 
allowed  to  roll  should  be  pinned  down  so  as  to  lie  quite  flat  without 
creases,  and  when  a  large  number  of  diagrams  have  to  be  dealt  with 
it  is  well  to  shift  the  paper  under  the  roller  R  occasionally,  because  this 
roller  has  a  tendency  to  indent  the  paper  when  it  is  allowed  to  roll 
over  the  same  positions  several  times.  If  reasonable  care  is  taken,  the 
ordinate  and  the  planimeter  methods  should  give  values  of  the  mean 
effective  pressure  in  close  agreement. 

EXAMPLE.  —  The  average  area  of  an  indicator  diagram  is  2-32  sq.  ins. 
and  the  length  is  376  ins.  The  spring  is  a  6o's,  that  is,  one  inch  height 
on  the  diagram  represents  60  Ibs.  per  sq.  inch.  Calculate  the  mean 
effective  pressure. 

M.E.P.  =  (mean  height  in  inches)  X  60 
2"?2       : 

=   ^7    X     60 
376 

=  37  Ibs.  per  sq,  inch 

Indicated  Horse-power  (I.H.P).  —  Indicators  and  the  methods  and 
arrangements  for  taking  indicator  diagrams  are  treated  in  Chap.  II., 
which  should  be  referred  to  for  information  on  these  points.  The 
present  discussion  is  limited  to  the  calculation  of  horse-power. 

The  fundamental  expression  for  indicated  horse-power  is  — 

Work  done  per  minute  on  engine  piston  (ft.-lbs.) 

33,ooo 

(Mean  piston  force  (Ibs.)}  x  {Distance  moved  by  piston  (ft.  per  min.)} 

33,000 

Let   A  =  mean  area  of  engine  piston  in  sq.  ins. 

Pw  =  average  mean  effective  pressure,  Ibs.  per  sq.  in. 
L  =  length  of  stroke,  feet. 
N  =  revolutions  per  minute. 

Then,  Mean  effective  force  on  piston  =  Pm  X  A  Ibs. 

Distance  moved  by  piston  unden  =  2  x  L  x  N  f  t  Der  min 
this  force,  double-acting  engine   / 


33,000 

EXAMPLE.  —  Pm  =  35  Ibs.  per  sq.  in.  at  the  cover  end  of  cylinder. 

Pm  =  33'5     »          »          »        crank       „  „ 

Cylinder  diameter,   12  ins.;  piston-rod  diameter,   2f  ins.;  stroke, 
36  ins.  ;  revolutions  per  minute,  115. 

Average  Pm  =  --  -  -  =  34-25  Ibs.  per  sq.  in. 
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*)  +  (l2*-2752)} 


Average  area  A  =  - 


2 

=  i io'2  sq.  ins. 

THP  =  34'25  X  II0'2  X  2  X  36  X  115 
33,000  X  12 

=  79'° 

The  same  result  could  have  been  obtained  by  treating  each  end  of 
the  cylinder  as  a  single-acting  engine  and  adding  the  two  values  to  get 
the  total  I.H.P. 

Similar  calculations  would  have  to  be  made  for  each  cylinder  of  a 
multiple-expansion  engine,  and  the  total  I.H.P.  of  the  engine  would  then 
be  the  sum  of  those  for  the  separate  cylinders. 

Cylinder  Ratio. — If  VL  =  volume  swept  by  low-pressure  piston  per 
stroke,  and  V  the  volume  swept  per  stroke  by  the  piston  of  any  other 

cylinder,  such  as  the  high  pressure,  the  cylinder  ratio  =  -—-. 

Referred  Mean  Effective  Pressure. — In  the  case  of  multiple-ex- 
pansion engines  it  is  sometimes  convenient  to  find  the  mean  effective 
pressure  referred  to  the  low-pressure  cylinder  (referred  M.E.P.),  and 
this  can  be  defined  as  that  mean  effective  pressure  which  would  have 
to  act  on  the  low-pressure  piston,  assuming  the  low-pressure  cylinder 
alone  to  give  the  same  power  as  the  whole  combined  cylinders  of  the 
engine.  One  way  of  calculating  the  referred  M.E.P.  is  to  calculate 
the  total  I.H.P.  of  the  engine  and  then  find  what  mean  effective  pres- 
sure acting  on  the  L.P.  piston  alone  would  give  the  same  power  at  the 
same  speed.  A  quicker  and  equivalent  method  is  to  divide  each 
particular  mean  effective  pressure  by  the  cylinder  ratio  and  add  the 
results  together. 

Number  of  Expansions. — In  a  single-cylinder  engine  the  number 
of  expansions  usually  signifies  the  ratio 

Volume  swept  by  piston  per  stroke 
Volume  swept  by  piston  up  to  cut-off 

For  a  multiple-expansion  engine  the  ratio  becomes 
Volume  swept  by  L.P.  piston  per  stroke 


Volume  swept  by  H.P.  piston  up  to  cut-off 

_  /  .    L.P.\       Stroke  H.P.  piston 

[0HJ>JX  Distance  moved  by  H.Prpiston  to  cut-off 
EXAMPLE. — A  compound  engine  has  the  following  dimensions : — 

H.P.  cylinder.  L.P.  cylinder. 

Cylinder  diameter     ...  12  ins.  22*5  ins. 
Piston-rod    diameter    (one 

end  only) 275  ins.  275  ins. 

Stroke    .......  3  ft.  3  ft-  3  ins. 

Pm 51  Ibs.  per  sq.  in.  16*5  Ibs.  per  sq.  in. 

Cut-off,  per  cent,  stroke     .  25 
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T   P 

Calculate  cylinder   ratio  -^,  referred  M.E.P.,  and  number  of  ex- 
pansions. i\        /      .  I  2\ 

LP       1 1  '*25   ~275    I3'25 

Cylinder  ratio g^  = *•)  i2a  4- (12*  -  275")! 

~4(  ~~T~ 

=  3-88 

Referred  M.E.P.  =  16*5  +TT^ 

=  16-5  +  13*2  =  297  Ibs.  per  sq.  in. 

No.  of  expansions  =  -—  X  3*88 


Brake  Horse-power. — The  brake  horse-power  (B.H.P.)  of  an 
engine  refers  to  the  power  which  is  given  out  at  the  engine  crank-shaft. 

Work  done  at  crank-shaft,  ft.-lbs.  per  minute 

rJ.H.r.  = 

33,000 

For  the  various  methods  which  can  be  used  to  measure  the  work 
done  at  the  crank-shaft,  reference  should  be  made  to  Chapter  III. 

Mechanical  Efficiency. — The  work  given  out  by  any  machine  is 
always  less  than  that  done  on  the  machine  by  the  amount  required  to 
overcome  the  internal  resistances. 

.    Work  given  out  by  machine  ,      .     .     _.  . 

The  ratio  ~^-7 — g-g —  -  =  Mechanical  efficiency 

Work  done  on  machine 

B.H.P.  . 
=  j  Hp  for  engine 

EXAMPLE. — The  I.H.P.  of  an  engine  is  79,  and  the  corresponding 
B.H.P.  is  65  :  find  the  mechanical  efficiency. 

Mechanical  efficiency  =  —  =  0*823,  or  82^  per  cent. 

When  power  is  transmitted  through  a  series  of  machines,  the  over- 
all mechanical  efficiency  is  the  product  of  the  separate  efficiencies  taken 
in  series. 

EXAMPLE.— A  workshop  engine  drives  the  tools  through  a  line 
shaft.  At  full  load  the  mechanical  efficiency  of  the  engine  is  0*87,  of 
the  line  shaft  and  counter  shaft  07,  and  of  the  tools  075.  Calculate 
the  over-all  mechanical  efficiency. 

Over-all  mechanical  efficiency  =  0*87  x  07  x  075 

=  0-457,  or  457  percent. 

The  relation  between  the  B.H.P.  and  I.H.P.  of  an  engine  running 
at  nearly  constant  speed  generally  follows  a  straight-line  law,  that  is,  if 
an  engine  is  tested  at  several  loads  from  no  load  to  full  load,  and  the 
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I.H.P.   and   B.H.P.   are  plotted  on  graph   paper  as   represented   in 

Fig.  20,  the  points  should  lie  on  or  nearly  on  a  mean  straight  line  AB. 

The  mechanical  efficiency  curve  AC  can  be  obtained  from  the  mean 

line  AB  by  dividing  the  B.H.P. 

at  a  series  of  points  on  the  line 

by  the  corresponding  I.H  P.     It 

will  be  noticed  that  this  efficiency 

increases  rapidly  at  light  loads 

and   tends    towards   a   constant 

value  at  full  load. 

The  straight  line  AB  can 
be  represented  as  an  equation, 
B.H.P.  =  a  X  I.H.P  -  b,  where 
a  and  b  are  constants,  a  repre- 
senting the  slope  of  the  line,  and 
bja  the  value  OA.  It  follows 
that  the  curve  OC  can  be  repre- 


sented 


I.H.P. 


I.H.P. 


FIG.  20. — Relation  between  I.H.P., 
B.H.P.,  and  mechanical  efficiency  at 
constant  speed. 


Tr~p5   7—7-  actua^  values  of  a  and  b  depend  upon  the  dimen- 

-D.  ti.Jr  .  -f-  u 

sions,  the  workmanship,  and  the  type  and  arrangement  of  the  engine, 
but  for  large  steam  engines  with  good  lubrication  the  value  of  a  is 
usually  something  slightly  less  than  unity.  If  it  is  assumed  for  purposes 
of  approximate  calculation  that  0  =  1,  then  the  B.H.P.  is  assumed  to 
be  less  than  the  I.H.P.  by  a  constant  value  of  b,  which  can  be  deter- 
mined approximately  by  indicating  the  engine  at  no  load,  i.e.  when 
B.H.P.  =  o.  At  any  other  load  the  B.H.P.  could  be  inferred  from  the 
value  of  I.H.P.  —  b.  This  method  is  sometimes  useful  for  steam 
engines  when  the  B.H.P.  cannot  be  measured  directly,  though  liable 
to  error  by  neglecting  the  a  factor  and  the  difficulty  of  estimating  b 
accurately. 

In  the  case  of  the  ordinary  four-stroke  internal  combustion  engines 
working  on  the  Otto  cycle,  a  small  amount  of  negative  work  is  done  on 
the  gases  during  the  suction  and  exhaust  strokes.  This  can  generally 
be  approximately  estimated  from  light  spring  indicator  diagrams,  but 
the  more  usual  course  is  to  allow  such  negative  work  to  be  included  in 
the  frictional  losses  unless  the  engine  happens  to  be  governed  by  throt- 
tling the  supply  of  combustible  mixture.  Where  an  air  or  gas  pump 
is  driven  by  the  engine  for  the  purpose  of  charging  the  working 
cylinder,  as  is  done  in  some  two-stroke  cycle  engines,  the  pump  I.H.P. 
might  be  deducted  from  the  gross  or  working  cylinder  I.H.P.,  thus 
giving  the  net  I.H.P.  of  the  engine. 

The  work  done  against  frictional  resistance  per  revolution  increases 
slightly  with  increased  speed,  all  other  conditions  being  kept  constant  ; 
therefore  the  mechanical  efficiency  of  an  engine  decreases  with  increase 
of  rotational  speed.  Fig.  21  represents  the  values  obtained  at  different 

7"  -  ioj"  -  isV'  -  23'' 
speeds  from  a-  -  *„        .  -  quadruple-expansion  engine  and 
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a  triple-expansion  engine *  working  under  similar  conditions  as  regards 
steam  pressures  and  expansions.  The  triple-expansion  tests  were  made 
by  detaching  the  quadruple  high- pressure  part  of  the  engine,  the  steam 
being  then  supplied  to  the  first  intermediate  cylinder  direct.  These 
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Re  vs.  per  min^ 
FIG.  21. — Variation  of  mechanical  efficiency  with  change  of  engine  speed. 

tests  show  that  the  mechanical  efficiency  falls  rapidly  at  high  speeds, 
and  that  the  triple-expansion  engine  has  a  higher  mechanical  efficiency 
than  the  quadruple-expansion  engine  at  all  speeds. 

The  frictional  loss  of  horse-power  between  the  piston  and  the 
crank-shaft  can  usually  be  expressed  between  certain  limits  by  the 
formula — 

(I.H.P.  -  B.H.P.)  =  AN™ 

where  N  is  the  speed,  A  and  m  being  constants  depending  upon  the 
dimensions  and  type  of  engine. 

The  following  results  are  deduced  by  the  author  from  Professor 
Weighton's  tests,  and  are  applicable  to  the  engine  tested  for  values  of 
N  between  100  and  200  revolutions  per  minute  : — 

Quadruple  expansion  (I.H.P.  -  B.H.P.)  =  0-0219  x  N1'3 
Triple  expansion  (I.H.P.  -  B.H.P.)  =  0*0912  x  N1'02 

The  Vernier. — This  is  a  common  device  for  increasing  the  accuracy 
of  a  scale  reading  without  requiring  minute  divisions  on  the  scale.  As 
an  example,  consider  the  relation  between  the  vernier  scale  V  and  the 
principal  scale  S  in  Fig.  22.  The  vernier  scale  V  is  intended  to  slide 
along  the  scale  S  and  the  zero  mark  of  V  to  indicate  the  reading  on  S. 

In  the  position  shown  it  is  seen  that  the 
reading  is  between  2 '6  and  2*7,  and  the 
exact  position  is  obtained  by  looking 
along  the  vernier  scale  V  for  the  par- 
ticular division  which  most  nearly  coin- 
cides with  a  division  line  on  the  scale  S ; 
in  this  case  it  is  the  fourth  division 
line  on  V,  and  the  reading  on  S  is  therefore  2-64.  In  this  example, 
the  distance  o  to  10  on  the -scale  V  is  made  equal  to  nine  divisions  on 
the  main  scale  S,  i.e.  each  small  division  on  V  is  only  ^j  of  a  small 

1  Professor  Weighton,  Trans.  North-East  Coast  Engineers  and  Shipbuilders, 
March  20,  1908. 
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division  on  S.  Therefore  the  four  divisions  on  scale  V  must  be  less 
than  four  divisions  on  S  by  f^  of  one  division  on  S ;  hence  the 
reading  2 '64.  It  is  easily  seen  that  the  principle  of  the  vernier  is  not 
restricted  to  decimal  divisions. 

Chart  Recording  Instruments. — Although  recording  chart  instru- 
ments are  commonly  used  for  various  purposes  under  ordinary  working 
conditions,  such  are  not,  as  a  rule,  really  necessary  in  making  tests  on 
motive-power  engines,  except  perhaps  in  cases  where  change  of  speed, 
whether  cyclical  or  due  to  changes  of  load,  is  one  of  the  observations 
to  be  recorded.  A  suitable  recording  tachograph  would  then  be 
found  to  be  convenient.  The  operating  portions  of  such  a  tachograph 
should  have  the  smallest  possible  inertia  so  that  little  or  no  lag  is 
thereby  induced  ;  and  for  the  same  reason  any  slackness,  lag,  or  backlash 
should  not  be  allowed  in  the  driving  belt  or  gearing  which  connects  the 
tachograph  to  the  engine  crank-shaft.  A  full  description  of  various 
forms  of  recording  instruments  appeared  in  a  series  of  articles  in  the 
Mechanical  Engineer  during  1910. 
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THE  MEASUREMENT   OF  PRESSURE, 
TEMPERATURE,   ETC. 

The  Measurement  of  Pressure. — The  accurate  measurement  of  pressure 
intensity  is  one  of  the  most  important  considerations  affecting  the 
testing  of  motive-power  engines,  since  the  accuracy  of  a  test  very  often 
depends  upon  the  correct  measurement  of  the  pressures  involved.  This 
part  of  our  subject  will  therefore  be  treated  at  some  length. 

The  method  which  would  be  adopted  to  measure  the  pressure 
intensity,  or  shortly  pressure,  of  a  fluid  depends  largely  upon  the 
magnitude  of  the  pressure,  the  degree  of  accuracy  required,  and  the 
character  of  the  pressure,  i.e.  whether  steady  or  subject  to  fluctuations. 
Liquid  columns  and  pressure  gauges  can  be  used  for  the  measurement 
^  of  steady  pressures,  or  for  pressures  which  have  only  a 

small  periodic  fluctuation,  but  for  the  rapidly  varying  pres- 
sures such  as  occur  in  a  steam  or  a  gas  engine  cylinder 
an  indicator  is  necessary  which  will  record  a  diagram  to 
show  the  pressure  at  every  point  throughout  a  cycle. 

The  Barometer. — This  is  an  instrument  used  to  measure 
the  pressure  of  the  atmosphere,  the  mercury  column  type 
being  the  most  suitable.  A  Fortin  barometer,  similar  to 
that  shown  in  Fig.  23,  can  be  obtained  at  a  reasonable 
price  from  any  reputable  firm  of  instrument  makers.  The 
tube  T  is  closed  at  the  top,  and  the  bottom  open  end  dips 
well  below  the  level  of  the  mercury  in  the  vessel  V,  the 
flexible  bottom  of  the  vessel  being  adjustable  by  means  of 
a  screw  S  so  that  the  level  of  mercury  can  be  adjusted 
until  the  surface  just  touches  a  fixed  ivory  point  I.  Jf 
there  happens  to  be  a  good  light  on  the  instrument,  and 
the  surface  of  the  mercury  is  quite  clean,  the  image  of  the 
,  point  can  be  seen  on  the  surface  of  the  mercury  and  the 
position  of  contact  easily  recognised  by  the  coincidence  of 

~     ^ the  point  and  its  image  when  contact  takes  place.     The 

Mercury"   pressure  of  the  atmosphere  acts  upon  the  mercury  in  the 

barometer,    vessel,  and  the  height  of  the  mercury  column  is  therefore 

a  measure  of  this  pressure.     A  vernier  is  usually  provided 

on  the  scale  so  as  to  increase  the  accuracy  of  the  reading.     The  upper 

end  of  the  tube  should  have  a  large  bore  so  as  to  reduce  the  effect  of 

capillary  attraction  at  the  surface  of  the  mercury  in  the  tube,  and  to 
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ensure  reasonable  accuracy  the  following  precautions  should  be  observed  : 
i.  The  barometer  should  be  fixed  with  the  tube  vertical.  2.  The  space 
above  the  column  of  mercury  should  be  quite  free  from  air  or  water- 
vapour.  3.  The  level  of  the  mercury  in  the  vessel  V  should  be  adjusted 
to  the  zero  point,  and  the  height  of  the  column  observed  at  the  top  of 
the  meniscus. 

To  test  a  barometer  for  the  presence  of  air,  the  bottom  of  the 
mercury  vessel  should  be  screwed  up  slightly  and  the  barometer  then 
turned  slowly  towards  the  horizontal  position.  If  the  closed  end  of  the 
tube  were  quite  free  from  air,  the  mercury  would  give  a  distinct  metallic 
ring  as  it  strikes  the  closed  end  of  the  tube,  but  if  air  or  water-vapour 
were  present  no  distinct  ring  would  be  heard.  Should  air  be  present, 
the  barometer  would  be  inverted  to  allow  the  air  to  rise  to  the  surface  in 
the  vessel  V,  being  kept  in  that  position  for  a  few  minutes,  and  on  care- 
fully righting  the  barometer  the  air  would  escape  to  the  top  side  of 
the  mercury  in  the  vessel,  and  thus  to  the  atmosphere.  If  any  water- 
vapour  existed  in  the  closed  end  of  the  tube  its  effect  would  probably 
continue,  and  would  most  likely  be  due  to  moisture  in  the  mercury. 
In  this  case  the  barometer  would  require  to  be  emptied  and  the 
mercury  subjected  to  a  gentle  heat  so  as  to  drive  off  the  moisture,  after 
which  the  tube  would  be  again  filled. 

Cheaper  forms  of  mercury-column  barometers  are  sometimes  used 
for  ordinary  experimental  work  which  are  similar  in  construction  and 
appearance  to  the  vacuum  gauges  illustrated  in  Figs.  24  and  25,  except 
that  the  top  end  of  the  tube  would  be  closed,  and  the  scale  would  only 
extend  a  few  inches  above  and  below  the  30-inch  mark. 

Vacuum  Gauges. — A  mercury  column  is  often  used  to  measure  the 
vacuum  in  a  condenser,  and  Figs.  24,  25,  and  26  represent  different 
arrangements  of  such  vacuum  gauges.  In  Fig.  24  the  tube  is  in  com- 
munication at  the  bottom  with  a  mercury  vessel  of  large  sectional  area, 
so  that  when  the  mercury  ascends  the  tube  the  level  of  the  mercury  in 
the  vessel  falls  only  very  slightly  ;  the  scale  graduations  are,  however, 
spaced  so  as  to  allow  for  the  slight  fall  of  level  in  the  vessel. ,  In  Fig.  25 
a  bottle  takes  the  place  of  the  mercury  vessel,  and  the  scale  is  apain 
graduated  to  allow  for  the  fall  of  level  in  the  bottle  as  the  mercury 
ascends  the  tube. 

The  vacuum  gauge  shown  in  Fig.  26  consists  of  a  tube  bent  to  the 
U  form,  and  arranged  with  scale  graduations  on  both  legs.  One  end 
is  open  to  the  atmosphere,  being  protected  from  dirt  and  dust  by  a 
small  piece  of  cotton-wool  inserted  into  the  end,  whilst  the  other  end  is 
connected  to  the  condenser  through  the  cock  C.  When  the  cock  C 
is  open,  the  difference  of  level  h  represents  the  vacuum  in  the  con- 
denser. The  disadvantage  of  the  gauge  shown  in  Fig.  26  is  the 
necessity  for  making  observations  at  the  two  surfaces,  with  a  consequent 
greater  risk  of  error. 

The  exhaust  steam  from  an  engine  generally  comes  to  the  condenser 
in  periodic  gusts  which  may  cause  slight  pressure  fluctuations  in  the 
condenser,  but  by  partially  closing  the  gauge  cock  C  it  is  possible  to 
choke  the  fluctuations  at  the  gauge  so  as  to  get  a  steady  average 
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reading.      The   gauge   cock  should  always  be  kept  closed  when  the 
vacuum  gauge  is  not  in  operation   or  some  condensed  steam  might 
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FIG.  24. 


FIG.  25. 
Mercury  column  vacuum  gauges. 


FIG.  25. 


accumulate  on  the  top  of  the  mercury  column.  If  the  condenser  were 
in  operation,  such  water  could  be  got  rid  of  by  gently  heating  the  tube 
in  the  neighbourhood  of  the  accumulated  water 
so  as  to  vaporise  the  water,  keeping  the  gauge 
cock  open,  and  then  allowing  both  the  gauge 
tube  and  the  connecting  tube  to  the  condenser 
to  fill  with  air  several  times.  This  could  be 
easily  accomplished  by  releasing  the  gauge 
cock  when  it  was  desired  to  allow  air  to  pass 
through  to  the  condenser. 

It  is  possible  to  measure  directly  the 
absolute  pressure  in  a  condenser  by  means 
of  a  mercury  column  such  as  is  represented 
in  Fig.  27.  The  graduated  glass  tube  is  con- 
veniently about  f  in.  bore,  and  is  closed  at  the 
end  as  shown,  the  other  end  being  connected 

FIG.  27,-Measurement  to  the  condenser  through  the  cock  C  Initi- 
of  absolute  pressure  by  ally  the  closed  end  of  the  tube  is  quite  filled 
mercury  column.  with  dry  mercury,  so  that  when  the  cock  C  is 

opened  with  the  ordinary  vacuum  in  the  con- 
denser, the  mercury  would  recede  from  the  closed  end  until  the  height 
k  of  mercury  balanced  the  absolute  pressure  in  the  condenser.  The 
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tube  only  requires  to  be  7  or  8  ins.  in  length  for  an  ordinary  vacuum 
of  about  26  ins.  of  mercury. 

Under  some  circumstances  certain  small  corrections  might  be 
required  in  the  measurement  of  the  true  pressure  when  use  is  made 
of  a  liquid  column,  due  to  the  temperature  of  the  liquid,  the  expansion 
of  the  scale  with  temperature,  the  latitude  in  which  the  observation  is 
made,  and  the  height  above  sea-level.  These  corrections  are,  however, 
too  minute  to  be  of  much  importance  to  engineers. 

EXAMPLE. — The  barometric  pressure  is  29-5  ins.  mercury ;  vacuum 
in  condenser  24  ins.  mercury.  Find  the  atmospheric  pressure,  the 
vacuum  and  absolute  pressure  in  the  condenser  in  Ibs.  per  sq.  inch. 

At  ordinary  atmospheric  temperatures  i  in.  of  mercury  column  is 
equivalent  to  0-491  Ib.  per  sq.  inch. 

Atmospheric  pressure  =  29-5  x  0*491  =  14*48  Ibs.  per  sq.  in. 
Vacuum  in  condenser  =  24  x  0-491  =  11*79         »          ,, 
Absolute  pressure  in  condenser  =  (29-5  —  24)  x  0-491        „ 

=  14-48  -  11-79  =  2<69     »          „ 

Vacuum  gauges  are  also  made  of  the  same  form  as  the  ordinary 
pressure  gauge,  Fig.  33,  p.  43,  and  are  subject  to  the  same  defects  and 
inaccuracies.     Small  pressures  of  a  steady  character,  such  as  occur  in  an 
ordinary  town's  gas  main,  can  be  conveniently  measured       IN& 
by  means  of  a  water  column  or  manometer.     When  great 
accuracy  is  not  essential  it  is  generally  sufficient  to  bend 
an  ordinary  piece  of  glass  tube  of  about  \  in.  bore  to  the 
U  shape,  and  to  fix  this  on  to  a  board  with  a  varnished 
paper  scale  which  is  graduated  in  decimals  of  an  inch  and 
gummed  on  the  board.     The  paper  should  be  gummed 
on  the  board  and  allowed  to  dry  before  being  graduated, 
after  which  it  can  be  varnished  over;  such  a  gauge  is 
represented  in  Fig.  28.     In  more  elaborate  arrangements 
the  tubes  might  be  J  in.  bore  with  a  vernier  scale  on 
each  leg,  by  which  means  very  small  pressures  can  be 
measured ;  but  care  has  to  be  exercised  to  see  that  the 
tubes  are  quite  vertical,  and  that  the  zero  readings  on      FIG.  28.— 
the  two  legs  are  at  exactly  the  same  level.     It  is  gene-  Simple   mano- 
rally  sufficient  to  connect  up  the  gauge  or  manometer     n^te£  or  ^H 
by  means  of  a  rubber  tube.  smafl     pres. 

For  the  very  accurate  measurements  which  are  some-  sures. 
times  required  in  measuring  very  small  differences  of 
pressure,  the  Cambridge  Scientific  Instrument  Co.  make  a  micro- 
manometer,  designed  by  Mr.  R.  Threlfall,  F.R.S.  As  seen  from  the 
illustration,  Fig.  29,  a  micrometer  screw  is  provided  with  a  graduated 
head  M,  and  adjustment  is  made  until  the  point  just  touches  the 
surface  of  the  liquid  in  the  vessel  or  tube  B,  when  the  graduated  head 
of  the  screw  and  the  scale  show  the  difference  of  level  in  the  two 
vessels  A  and  B.  This  instrument  was  specially  designed  for  use  in 
connection  with  Pitot  tubes  for  the  measurement  of  the  flow  of  gases 
through  pipes. 
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When  a  liquid  such  as  water  flows  through  a  pipe  or  system  of  pipes 
a  pressure  difference  exists  between  the  inlet  and  outlet  ends  of  the 
system  which  is  required  to  overcome  the  resistance  to  the  flow.  For 


FIG.  29. — Micro-manometer  to  measure  small  pressures. 

example,  a  pressure  difference  between  the  inlet  and  outlet  ends  of 
the  circulating  water  system  of  a  surface  condenser  causes  the  flow  of 
water  through  the  condenser  tubes,  and  the  greater  the  velocity  the 
greater  is  the  resistance  and  the  pressure  difference  required.  This 

pressure  difference  has 
to  be  produced  by  the 
circulating  pumps,  so 
that  it  may  be  a  matter 
of  some  importance  in  a 
particular  design  to  be 
able  to  measure  the  pres- 
sure difference  rapidly 
and  accurately  without 
unnecessary  expense  in 
the  way  of  special  pres- 
sure gauges.  A  convenient  arrangement  for  such  a  purpose  is  illus- 
trated in  outline  in  Fig.  30,  where  C  represents  the  condenser  tubes. 
The  water  enters  the  condenser  at  A  and  leaves  at  D,  and  at  both 


AandD 

FIG.    30. — Arrangement   of  water-column   gauge 
small  pressure  difference  in  flowing  fluids. 


for 
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these  points  a  special  connection  could  be  made  as  shown  in  the 
enlarged  view,  where  the  pocket  P  is  intended  to  guard  against  the 
disturbance  of  the  flow  in  the  pipe.  Three  or  four  small  holes,  care- 
fully bored  without  leaving  burrs,  connect  the  fluid  in  the  pipe  and 
that  in  the  pocket.  The  A  and  D  connections  should  have  the  same 
dimensions. 

The  pressure  in  the  pipe  at  A  is  transmitted  to  the  leg  Bx  of  the 
pressure  gauge,  the  connection  being  made  by  means  of  a  stout 
rubber  tube  or  preferably  a  copper  tube.  The  pressure  at  D  is 
similarly  communicated  to  the  other  leg  B2  of  the  gauge  and  the 
difference  of  water-level  in  the  two  legs  h  represents  the  difference  of 
pressure  between  A  and  D  due  to  the  resistance  to  the  flow.  By  the 
application  of  a  small  hand  air-pump  at  the  cock  B  the  air-pressure  in 
the  space  above  the  water  in  Bx  and  B2  can  be  adjusted  according  to 
the  actual  water-pressures  in  order  to  retain  the  readings  at  suitable 
positions  on  the  scales  of  the  gauge.  The  fact  that  the  connecting 
points  at  A  and  D  may  be  at  different  levels  does  not  affect  the  difference 
of  level  at  the  gauge  B^  so  long  as  the  condenser  tubes  are  full  of 
water  and  the  connecting  tubes  between  the  gauge  BjB.,  and  points  A 
and  D  are  quite  free  from  air-pockets.  The  pockets  P  in  the  special 
connections  at  A  and  D  could  be  dispensed  with  if  great  accuracy  was 
not  required.  In  this  case  each  connecting  tube 
would  be  screwed  directly  into  a  small  hole  in  the 
main  pipe,  without  leaving  any  burr  and  without 
allowing  the  connecting  tube  to  project  beyond  the 
inner  surface  of  the  main  pipe,  whilst  the  outlet 
and  inlet  pipes  should  be  of  about  the  same 
diameter.  The  length  of  gauge  tubes  Bj  and  B2 
which  would  be  required  for  an  ordinary  surface 
condenser  of  moderate  dimensions  might  be  about 
4  or  5  feet,  but  for  high  speed  condensers  the 
mercury  column  gauge  shown  in  Fig.  31  would 
probably  be  more  convenient.  If  the  rate  of 
water  flow  were  regulated  by  means  of  a  cock  or 
valve,  such  a  valve  should  be  opened  and  closed  _  Mercur 

very  carefully,  as  any  sudden  change  in  the  rate  of     lcoiumn'll  gauge  for 
flow  has   a   tendency  to   cause  the  water   in  the 
gauges  to  oscillate,  and  may  thus  cause  some  of 
the  water  from  Bx  to  pass  over  into  B2.     Such  an 
accident  of  itself  is  of  no  particular  importance 
provided  the  water-levels  still  remain  on  the  scales ;  otherwise  a  read- 
justment of  the  air  in  the  gauge  may  be  necessary. 

Another  arrangement  of  the  pressure  gauge  is  shown  in  Fig.  31. 
Mercury  is  placed  in  the  lower  portion  of  the  gauge,  with  water  commu- 
nication between  the  mercury  and  the  points  of  connection.  The 
difference  of  level  h  signifies  the  pressure  difference  between  the  two 
points  of  connection,  but  in  converting  the  inches  of  mercury  into 
pounds  per  square  inch  account  must  be  taken  of  the  water  column  of 
height  //. 


measuring  pressure 
difference  in  flowing 
fluids. 
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EXAMPLE. — The  pressure  of  a  town's  gas  supply  is  2-2  ins.  of 
water  above  atmospheric  pressure  :  find  this  pressure  in  pounds  per 
square  foot. 

At  ordinary  atmospheric  temperatures  a  column  of  water  i  ft. 
high  represents  62*4  Ibs.  per  square  foot ; 


then 


2*2  ins.  =  —  -  X  2*2  =  11*42  Ibs.  per  sq.  ft. 


12 


EXAMPLE.  —  Referring  to  the  gauge,  Fig.  3  1  ,  the  difference  of  level 
is  i  -5  7  in.  of  mercury  :  find  the  pressure  difference  in  pounds  per 
square  inch. 

i  in.  mercury  =  0*491  Ibs.  per  sq.  in. 


=  0'036l  „          „ 

(1*57  in.  mercury  —  1-57  in.  water)  is  equivalent  to  i'S7(o'49i  —  0*036) 
=  0*715  Ib.  per  sq.  in. 

Mercury  Column  for  Testing1.  —  Fig.  32  represents  an  open  mercurial 
column  as  made  by  Messrs.  Schaffer  and  Budenberg  by  means  of  which 

U  pressure  gauges  can  be  compared  and  adjusted.     The 

scale  is  usually  divided  in  pounds  per  square  inch  and 
atmospheres,  and  in  dividing  the  scale  due  allowance  is 
made  by  the  maker  for  the  fall  of  mercury  in  the  reser- 
voir. A  column  to  indicate  up  to  300  Ibs.  per  square 
inch  requires  a  vertical  height  of  52  ft.,  and  can  be  fixed 
to  any  wall  having  the  necessary  height,  but  preferably 
inside  the  building. 

The  mercury  can  be  most  conveniently  poured  into 
the  reservoir  with  the  aid  of  a  funnel  improvised  out  of  a 
clean  piece  of  stiff  paper.  A  small  set  screw  is  provided 
at  the  bottom  of  the  reservoir  for  the  purpose  of  running 
out  the  mercury  and  for  the  purpose  of  accurately  ad- 
justing the  level  of  the  mercury  to  the  zero  point.  The 
mercury,  as  well  as  the  glass  tube,  should  always  be 
perfectly  clean;  the  tube  is  best  cleaned  by  passing 
through  it  a  piece  of  cotton-wool  attached  to  a  brass 
wire  and  slightly  moistened  with  sulphuric  acid. 

Pressure  Gauges.  —  The  ordinary  pressure  gauge  with 
finger  and  dial  is  generally  more  convenient  to  use  than 
_       liquid  columns  where  extreme  accuracy  is'  not  necessary, 
FIG.  32.—  Mer-   anc-  w^ere  the  pressure  is  too  great  for  the  convenient 
cury    column   measurement  by  means  of  a  liquid  column.     It  is  also 
for      pressure   much  easier  to  deal  with  in  cases  where  there  happens 
isurements.   to  be  small  periodic  fluctuations  of  pressure.     For  the 
present  purpose  it  will  be  sufficient  to  describe  one  type 
and  construction  of  pressure  gauge  (Fig.  33).     The  connecting  nipple 
A  communicates  with  the  hollow  Bourdon  steel  or  bronze  tube  T,  the 
sectional  shape  of  the  tube  being  shown  at  S.     The  outer  end  of  this 
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tube  is  closed  and  is  connected  to  the  arm  of  the  quadrant  piece  Q 
by  means  of  the  link  L.  When  the  tube  is  subjected  to  internal 
pressure  the  tube  accordingly  dilates,  with  the  result  that  the  radius  of 
the  curvature  of  the  tube  increases,  the  closed  end  thus  moving  outwards. 
The  pinion  P,  on  the  axle  of  which  the  indicating  finger  is  fixed,  gears 
with  the  quadrant  Q,  so  that  when 
the  latter  is  turned  the  finger  moves 
over  the  pressure  scale;  a  coiled 
spring  is  usually  connected  to  the 
axle  at  P  to  take  up  backlash  be- 
tween the  finger  or  pointer  P  and  the 
tube  T.  The  slot  at  the  lower  end 
of  the  quadrant  is  provided  for  the 
purpose  of  adjusting  the  motion  of 
the  dial  finger  in  accordance  with 
the  scale.  A  water  leg  or  syphon 
should  always  be  arranged  to  inter- 
vene between  the  gauge  and  any  hot 
fluid,  such  as  steam,  in  order  to 
prevent  any  undue  increase  in  the 
temperature  of  the  gauge. 

The  best  of  pressure  gauges   is 
liable  to  develop  inaccuracies,  espe-    FiG.  33.-MechaniSm  of  ordinary  pres- 
cially  if  subject  to  bad  usage  under  sure  gauge, 

fluctuating  pressures,  or  if  used  for 

pressures  beyond  its  range,  or  if  the  water-syphon  has  not  been  in 
use  or  has  become  leaky  when  the  gauge  was  subjected  to  steam 
pressure,  the  hot  steam  thereby  getting  into  contact  with  the  elastic  tube. 

Dead-weight  Pressure  Gauge  Tester. — Fig.  34  represents  a  very 
simple  apparatus,  as  made  by  Messrs.  Schaffer  and  Budenberg,  for  the 
testing  of  pressure  gauges.  The  apparatus  is  filled  with  glycerine  and 
is  put  under  pressure  by  means  of  a  weighted  plunger  which  fits 
accurately  in  a  long  vertical  cylinder,  the  actual  weight  on  the  area  of 
the  piston  being  the  measure  of  the  pressure.  The  weight  of  the 
plunger  and  weight  platform  correspond  to  a  pressure  of  10  Ibs.  per 
square  inch.  A  set  of  weights  can  be  supplied  with  the  instrument, 
whereby  observations  may  be  made  for  each  rise  of  5  or  10  Ibs.  per 
square  inch  up  to  200  Ibs.  per  square  inch.  In  a  slightly  modified 
form  of  tester  a  hand  screw-pump  is  used  to  adjust  the  level  of  the 
plunger  to  a  standard  level  after  each  increase  or  decrease  of  load. 
For  the  purpose  of  filling,  the  plunger  can  be  taken  out  and  the 
glycerine  first  poured  in  up  to  the  level  of  the  gauge  connections. 
The  gauge  to  be  tested  is  then  screwed  on,  and  thereupon  the  cylinder 
is  entirely  filled  with  glycerine.  In  order  to  eliminate  frictional  resist- 
ance between  the  plunger  and  its  cylinder,  the  reading  should  be  taken 
with  the  plunger  rotating  and  if  possible  adjusted  to  a  standard  level. 
At  the  close  of  a  test  the  weights  should  all  be  removed  from  the 
plunger. 

Messrs.  Schaffer   and  Budenberg  also  make  the  universal   gauge 
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tester,  Fig.  35,  which  combines  a  dead-weight  tester,  a  hydraulic  gauge 
test  pump,  and  a  vacuum  gauge  tester.  By  its  means  boiler  and  other 
pressure  gauges  can  be  tested  by  dead  loads  up  to  300,  500,  or  1000 
Ibs.  per  square  inch,  and  hydraulic  gauges  by  means  of  the  screw-press 
and  the  standard  test  gauge  up  to  2000  Ibs.  per  square  inch,  or  even 
higher  if  required.  Vacuum  gauges  can  be  tested  by  means  of  the 
vacuum  pump  F  and  the  standard  mercurial  column. 

For  all  tests  by  dead  weight  only,  the  valve  D  leading  to  the 
standard  test  gauge  should  be  kept  closed  and  should  on  no  account 
be  opened  suddenly  when  the  pressure  is  on  the  tester,  as  this  would 
damage  the  gauge.  The  weights  should  be  carefully  placed  on  or 


FiG.  34. — Simple  dead-weight  gauge  tester. 

removed  from  the  ram  or  plunger,  and  the  ram  should  be  gently 
rotated  to  eliminate  the  effect  of  friction  when  taking  readings.  If 
gauges  are  to  be  tested  to  the  higher  pressures  by  means  of  the  screw- 
pump  and  standard  test  gauge,  the  valve  B  leading  to  the  cylinder  of 
the  ram  should  be  closed  and  the  valve  D  opened.  Vacuum  gauges 
to  be  tested  are  attached  to  the  nipple  above  the  valve  E,  the  vacuum 
being  created  by  the  hand  air-pump  F  and  the  correct  vacuum  measured 
by  the  mercury  column. 

For  very  accurate  and  important  work  it  is  preferable  to  test  a 
gauge  against  a  mercury  column,  and  such  a  tester  is  also  made  by  the 
above-mentioned  firm. 
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Specially  made  test  gauges  are  largely  used  by  boiler  inspectors. 
A  special  connection  is  usually  provided  on  the  boiler  gauge  syphon  to 
which  the  test  gauge  can  be  easily  and  rapidly  attached  so  that  the 
boiler  gauge  may  be  compared  at  the  boiler  pressure. 


FIG.  35. — Dead-weight  pressure  gauge  tester,  and  vacuum  gauge  tester  with  mercury 

column. 


Gauge  Errors. — Gauges  may  show  errors  of  the  following  character : 
(i)  constant  error;  (2)  gradually  increasing  or  gradually  decreasing 
errors  over  the  range  of  pressure ;  (3)  those  which  vary  in  an 
erratic  manner ;  (4)  discrepancies  between  the  readings  with  gradually 
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increasing  pressures   as   compared  with    the   readings    for   decreasing 
pressures. 

The  pointer  or  finger  is  usually  made  a  conical  fit  on  the  central 
spindle,  and  a  constant  error  can  be  corrected  by  shifting  the  pointer. 
A  special  lifter  should  be  used  to  force  the  pointer  off  the  axle,  and  it 
can  then  be  pressed  back  again  when  set  in  the  correct  position.  The 
second  kind  of  error  mentioned  -above  can  be  corrected  by  a  judicious 
alteration  of  the  length  of  one  of  the  connecting  links  or  levers  between 
the  flexible  tube  and  the  quadrant.  Errors  which  vary  in  an  erratic 
manner  for  different  pressures  are  not  easily  corrected  unless  it  is 
found  to  be  due  to  the  pointer  touching  the  dial  plate.  If  the  erratic 
variation  is  only  small,  it  would  probably  be  due  to  poor  workmanship 
at  the  pivots  or  at  the  toothed  connections,  and  is  most  often  found  in 
cheap  gauges ;  but  if  the  variations  are  excessive,  the  poor  elasticity  of 
the  tube  might  be  the  contributing  factor,  such  being  probably  caused 
by  an  unintentional  excessive  pressure  having  been  allowed  to  come 
on  the  gauge,  or  by  using  the  gauge  to  record  rapidly  fluctuating 
pressures  for  a  lengthy  period  without  sufficiently  choking  down  the 
variations  at  the  gauge-cock.  It  is  also  bad  practice  to  allow  a  large 
pressure  to  come  on  to  a  gauge  suddenly ;  the  gauge-cock  should  always 
be  opened  very  gradually. 

It  is  generally  found  that  a  gauge  tested  with  gradually  increasing 
pressures  reads  slightly  lower  than  when  tested  under  decreasing  pres- 
sures,, the  difference  being  due  to  backlash,  frictional  resistance,  and 
imperfect  elasticity  of  the  material  of  the  tube.  The  difference  is 
usually  very  small  with  the  best  makes  of  gauges  but  may  be  appreciable 
with  cheap  types.  In  any  case,  a  dated  record  should  be  kept  of  the 
results  of  a  gauge  test,  both  for  increasing  and  for  decreasing  pressures, 
and  a  graph  drawn  to  show  the  relation  between  the  gauge  readings 
and  the  true  pressures. 

To  make  a  tight  joint  at  the  connection  between  the  gauge  and  the 
syphon  it  is  best  to  screw  the  gauge  down  on  to  a  lead  washer,  taking 
care  to  make  the  hole  in  the  washer  large  enough  to  prevent  its  getting 
blocked  up.  Rubber  or  leather  washers  for  this  purpose  should  be 
avoided,  because  such  are  liable  to  disintegrate  and  may  thus  choke 
the  connection. 

Pressure  gauges  with  recording  charts  are  now  extensively  used  for 
boilers  where  it  is  of  importance  that  a  certain  steady  pressure  should 
be  maintained.  It  is  generally  valuable  as  an  aid  to  efficiency  in  such 
cases. 

INDICATORS  FOR  STEAM  AND  GAS  ENGINES. 

Crosby  Indicator. — The  illustration  in  Fig.  36  shows  a  sectional 
view  of  the  Crosby  standard  steam  engine  indicator  with  inside  spring. 
The  indicater  piston  8  works  in  the  steam-jacketed  liner  4,  and  is 
rigidly  connected  to  the  lower  end  of  the  steel  spring.  The  upper  end 
of  the  spring  is  screwed  to  the  indicator  cap  2  by  which  it  is  rigidly 
held  in  position  so  that  when  the  steam-pressure  comes  on  the  under 
side  of  the  piston  the  spring  is  compressed,  the  degree  of  compression 
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being  proportional  to  the  intensity  of  the  pressure.  The  upper  side  of 
the  piston  is  always  subjected  to  atmospheric  pressure,  holes  being 
provided  in  the  indicator  body  for  the  free  exit  of  leakage  steam.  To 
prevent  any  undue  tendency  of  the  piston  to  impulsive  oscillations  when 
subjected  to  the  rapidly  varying  pressures  which  occur  in  a  steam- 
engine  cylinder,  the  motion  of  the  piston  is  restricted  to  a  fraction  of 
an  inch,  and  in  order  to  obtain  a  diagram  from  this  motion  which  shall 
be  of  reasonable  size,  a  magnifying  straight  line  linkwork  of  light  con- 
struction is  connected  to  the  piston  through  the  piston-rod  10  and  the 


FIG.  36. — Crosby  standard  steam  engine  indicator. 

screwed  swivel  head  12.  The  motion  of  the  indicator  pencil  23  is 
parallel  to  that  of  the  indicator  piston  and  is  about  six  times  that  of 
the  piston,  the  record  of  the  pencil  being  obtained  on  an  indicator  card 
which  is  securely  attached  to  the  drum  24  by  means  of  the  spring 
clips  25.  This  drum  is  rotated  about  the  vertical  pivot  28  by  means 
of  the  string  shown  which  is  attached  to  and  wrapped  round  the  drum, 
and  the  other  end  of  the  string  is  attached  to  some  form  of  reducing 
gear  moving  in  unison  with  the  engine  piston.  A  spiral  spring  31 
keeps  the  indicator  string  taut ;  the  tension  can  be  regulated  so  as  to 
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prevent  overrunning  of  the  drum  by  adjusting  the  position  of  the  head 
of  the  spring  on  its  square.  The  sleeve  3  contains  the  fixed  pivots  for 
the  link-motion,  and  is  easily  swivelled  round  so  as  to  carry  the  pencil 
into  contact  with  the  paper  on  the  drum,  the  contact  being  regulated 
by  the  stop-screw  22.  The  indicator  spring  has  a  double  helical 
formation,  the  cross-wire  at  the  bottom  containing  a  ball  which  fits  into 
a  socket  in  the  piston.  To  fix  the  spring  to  the  piston  the  screw  9  on 
the  under  side  of  the  piston  is  first  screwed  back,  the  ball  of  the  spring 
is  placed  in  the  socket,  and  a  special  box  key  is  then  used  to  screw  the 
piston-rod  10  home,  the  ball  being  then  slack  in  the  socket.  The 
screw  9  is  then  screwed  up  until  the  end  nips  the  ball,  care  being 
taken  to  see  that  the  spring  is  concentric  with  the  rod.  Any  lack  of 
care  in  connecting  the  spring  to  the  piston  is  likely  to  cause  binding  and 
excessive  friction  between  the  piston  and  the  liner.  The  piston-rod  is 
now  attached  to  the  linkwork  by  screwing  on  to  the  swivel  12,  at  the 
same  time  screwing  the  top  brass  end  of  the  spring  home  against  the 
cap  2.  The  height  of  the  linkwork  and  pencil  is  then  adjusted  by 
screwing  the  piston-rod  on  to  the  swivel  12,  the  indicator  cap,  spring, 
etc.,  also  rotating  with  the  piston  and  rod.  A  little  clean  oil  should  be 
placed  on  the  piston;  the  piston  would  then  be  inserted  into  the 
indicator  and  the  cap  2  screwed  home  on  the  body  of  the  indicator. 
The  various  pivots  should  be  oiled  occasionally  by  means  of  a  little 
clean  olive  oil.  The  linkwork  pivots  are  a  conical  fit  so  that  any 
slackness  due  to  wear  can  be  taken  up  by  gently  tapping  the  pivots  in 
order  to  force  them  further  through  the  holes. 

The  Crosby  gas  and  oil  engine  indicator  with  inside  spring  is 
similar  to  the  steam  engine  indicator  just  described,  the  area  of  the 
piston  (J  sq.  in.)  being  only  half  that  of  the  steam  engine  indicator. 
They  also  manufacture  a  combined  gas  and  steam  engine  indicator 
which  is  supplied  with  two  pistons  and  two  liners,  either  of  which  liners 
can  be  inserted  into  the  body  of  the  indicator.  In  order  to  limit  the 
temperature  of  the  indicator  spring,  another  form  of  gas  engine  indicator 
is  fitted  with  an  external  indicator  spring  instead  of  the  internal  spring, 
but  the  length  and  increased  weight  of  the  moving  parts  are  an  objection 
in  this  type  of  indicator. 

A  special  drum  for  obtaining  continuous  diagrams  may  be  used  in 
place  of  the  ordinary  drum  and  is  particularly  suitable  for  indicating 
winding  engines,  rolling  mill  engines,  etc.,  which  are  subject  to  very 
variable  loads.  In  tests  on  multi-cylinder  engines  it  is  generally 
desirable  to  have  all  indicator  diagrams  taken  at  the  same  instant,  a 
separate  indicator  and  operator  being  necessary  at  each  point.  A 
special  electro-magnetic  device  can  be  attached  to  each  indicator 
whereby  a  single  operator  can  take  all  the  diagrams  simultaneously  by 
simply  closing  a  circuit. 

Many  instrument  makers,  both  in  this  country  and  abroad,  make 
indicators  of  a  similar  type  to  those  described  above,  the  principal 
difference  being  in  the  form  of  the  multiplying  linkwork  and  the 
attachment  of  the  spring  and  linkwork  to  the  indicator  piston. 

Hopkinson  Flashlight  Indicator. — The  large  number  of  pivots  in 
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the  linkwork  of  the  ordinary  indicator  is  in  course  of  time  liable  to 
introduce  a  certain  amount  of  slackness  between  the  piston  and  the 
pencil  of  the  ordinary  indicator,  besides  which  the  frictional  resistance 
between  the  pencil  and  the  paper  is  liable  to  introduce  serious  errors  if 
the  indicator  is  not  very  carefully  manipulated.  The  inertia  of  the 
linkwork  and  the  other  moving  parts  also  tends  to  introduce  a  time  lag 
and  to  cause  impulsive  oscillations.  To  get  rid  of  some  of  these 
defects  Professor  Hopkinson  has  designed  the  indicator  shown  in 
Fig.  37,  which  is  manufactured  by  Messrs.  Dobbie,  Mclnnes,  &  Co,, 


FIG.  37. — Hopkinson  flashlight  engine  indicator. 


Glasgow.  The  body  of  the  indicator  A  is  screwed  to  the  ordinary 
cock  on  the  engine.  The  oscillating  frame  B  fits  over  the  indicator 
body,  sufficient  clearance  being  left  to  provide  for  unequal  expansion, 
and  the  frame  is  held  up  by  a  spring  into  engagement  with  the  lower 
face  of  the  nut  C  (screwed  to  the  top  of  A),  a  ball-race  being  interposed 
so  as  to  admit  of  easy  rotation  of  the  frame  about  the  axis  of  A.  The 
spring  D  is  a  piece  of  steel  strip  resting  in  grooves  at  the  end  of  the 
frame  B  and  is  held  in  position  by  the  screws  E,  E.  The  spring  is 
slightly  bowed  before  insertion  in  the  frame  so  that  when  the  screws 
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E,  E  are  screwed  home  the  spring  is  held  straight  with  a  slight  pressure 
on  the  four  points  of  support. 

The  piston  F  works  in  the  bore  of  the  body  A.  It  is  made  hollow, 
but  a  plate  closes  its  lower  end,  and  at  the  top  it  is  provided  with  a 
hook  G,  the  opening  of  which  is  slightly  larger  than  the  thickness  of  the 
spring.  The  piston  is  thus  free  to  move  laterally.  A  mirror  H  is 
clamped  to  a  steel  spindle  I,  the  ends  of  which  are  pivoted  in  small 
holes  in  the  vertical  spring  cheeks  J,  J.  The  motion  of  the  spring  D  is 
communicated  to  the  spindle  and  mirror  by  means  of  the  piece  of 
vertical  spring  K,  whose  lower  end  is  held  firmly  on  the  face  of  the 
main  spring  D  by  means  of  the  jaws  L;  the  upper  end  is  firmly 
clamped  to  the  arm  M,  which  projects  at  right  angles  from  the  mirror 
spindle.  The  mirror  is  thus  turned  about  the  axis  of  the  spindle 
by  an  amount  which  is  proportional  to  the  displacement  of  the  main 
spring  D,  and  therefore  to  the  pressure  under  the  piston.  The  motion 
of  the  frame  B  (about  y^r  radian)  is  obtained  from  a  special  direct  con- 
nected gear  which  moves  the  frame  in  unison  with  and  proportional  to 
the  motion  of  the  engine  piston. 

A  beam  of  light  is  used  to  indicate  the  angular  motion  of  the  mirror 
H  and  is  focussed  on  a  ground  glass  screen.  The  diagram  traced  by 
the  spot  is  seen  as  a  bright  line  of  light.  The  screen  is  engraved  with 
horizontal  and  vertical  lines  on  which  the  diagram  is  projected,  and  the 
pressure  at  any  point  can  thus  be  easily  read  off,  or  the  diagram  can  be 
plotted  down  on  squared  paper.  A  photographic  plate  can  be  used  in 
place  of  the  screen  and  the  diagram  photographed.  Three  pistons  are 
used,  the  areas  being  in  the  ratios  i,  2,  and  4.  There  are  two  springs 
provided,  which  are  ground  so  that  the  stiffnesses  are  in  the  ratio  i  to 
5,  and  a  wide  range  of  sensibility  is  thus  obtained.  The  smaller  pistons 
fit  inside  liners,  which  can  be  inserted  in  the  body  A.  The  spring  is 
easily  changed  by  slackening  the  screws  E,  E  and  slipping  the  springs 
out  together  with  the  spindle  and  mirror,  the  spring  cheeks  J,  J  being 
slightly  separated  to  allow  of  the  spindle  being  taken  out.  When  the 
spring  has  been  removed,  the  piston  can  also  be  taken  out  easily  by 
removing  the  cap  N,  which  also  serves  as  a  stop  to  prevent  excessive 
bending  of  the  spring. 

Fig.  38  (p.  385)  shows  a  reproduction  of  an  Otto  cycle  gas-engine 
diagram  from  the  Hopkinson  indicator.  An  account  of  some  experi- 
ments in  which  this  indicator  was  used  is  given  in  a  paper  by  Professor 
Hopkinson.1 

Professor  Burstall 2  has  tested  the  standard  Crosby  gas  engine  indi- 
cator against  the  Hopkinson  indicator,  diagrams  being  taken  from  a  gas 
engine  simultaneously  with  the  two  indicators.  He  summarised  the 
results  as  follows  : — "  The  results  of  these  comparisons,  while  not  an 
absolute  proof  of  the  accuracy  of  either  of  the  indicators,  is  still  strong 
evidence  that  both  are  giving  results  very  close  to  the  truth.  The  two 
are  entirely  dissimilar  types,  one  multiplying  the  motion  of  the  indicator 

1  "On  the  Indicated  Power  and  Mechanical  Efficiency  of  Gas  Engines,"  Proc. 
Inst.  Mech.  Engs.^  1907,  part  4. 

2  "  Indicating  of  Gas  Engines/'  Proc.  Inst.  Mech.  Engs.^  1909,  p.  785. 
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piston  by  six,  and  the  other  by  one  hundred  and  twenty,  and  a  very 
similar  multiplication  being  the  case  with  the  rotation  of  the  drum  and 
the  mirror.  In  the  optical  indicator  the  inertia  is  certainly  negligible  ; 
that  the  two  give  results  to  within  three  per  cent,  on  the  mean  pressure, 
and  very  nearly  the  same  figures  for  the  initial  pressure,  is  good  pre- 
sumptive evidence  that  when  either  indicator  is  used  with  the  precautions 
which  have  been  described,  the  results  so  obtained  are  at  least  as 
accurate  as  any  other  measurement  which  can  be  made  in  engine 
testing." 

The  ordinary  piston  and  pencil  indicator  is  serviceable  and  may  be 
fairly  accurate  for  moderate  speeds,  say  up  to  300  or  400  revolutions 
per  minute  if  the  indicator  gear  is  well  arranged  and  the  connection  to 
the  engine  cylinder  made  as  short  as  possible,  but  it  is  practically 
useless  at  high  speeds  on  account  of  the  inertia  of  its  moving  parts. 
Motor  engines  often  run  up  to  2000  revolutions  per  minute,  and  over 


FIG.  39. — Diagrammatic  arrangement  of  manograph  type  of  indicator  for  high-speed 

engines. 

this  in  some  cases,  and  special  indicators  have  been  designed  for 
indicating  such  engines,  a  flexible  steel  diaphragm  being  used  instead 
of  a  piston  and  spring ;  and  a  beam  of  light  is  employed  to  magnify 
the  deflections  of  the  diaphragm. 

This  type  of  indicator  or  manograph  was  apparently  first  introduced 
by  Professor  Perry,  and  has  various  modifications.  Referring  to  Fig. 
39,  which  represents  the  manograph  in  diagrammatic  form,  Q  is  the 
flexible  steel  diaphragm  connected  to  the  engine  cylinder  by  means  of 
the  short  pipe  E.  R  is  a  small  crank  with  a  connecting  rod  V,  the 
dimensions  being  such  that  the  ratio  of  the  crank  to  the  rod  V  is  about 
the  same  as  that  ordinarily  used  for  the  engine  crank  and  connecting 
rod.  The  mirror  M  has  three  points  of  support,  one  on  the  end  of  the 
light  rod  L,  which  is  kept  in  contact  with  the  diaphragm  Q ;  the  second 
on  the  end  of  the  light  rod  S,  which  is  connected  to  the  small  crank  R, 
and  the  third  point  of  support  F  is  fixed  at  the  centre  of  the  mirror. 
The  mirror  is  kept  in  contact  with  the  three  points  by  a  suitable  spring. 
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A  beam  of  light  is  sent  through  the  small  pinhole  in  the  plate  O,  and 
by  the  interposition  of  the  right-angled  prism  P  the  light  is  thrown 
on  to  the  centre  of  the  mirror  M.  The  small  crank  R  is  positively 
driven  from  the  engine  crank  shaft  at  the  same  speed  and  in  unison 
with  the  engine  crank,  and  tilts  the  mirror  about  the  axis  LF.  The 
diaphragm  Q  deflects  according  to  the  pressure,  and  this  tilts  the  mirror 
about  the  axis  FS  at  right  angles  to  the  axis  LF.  The  result  is  that 
the  spot  of  light  traces  out  the  indicator  diagram  on  the  screen  DiD2, 
and  on  account  of  the  rapidity  of  rotation  the  eye  receives  an  impres- 
sion of  the  complete  diagram,  or  a  photographic  plate  can  be  introduced 
in  place  of  the  screen  and  a  permanent  record  thus  obtained. 

The  ordinary  planimeter  cannot  be  used  to  work  out  the  mean 
effective  pressure  from  the  diagram  because  the  pressure  scale  may  not 
be  directly  proportional  to  the  actual  pressure.  The  scale  of  pressure 
has  to  be  determined  experimentally  for  each  instrument  and  for  each 
diaphragm. 

Some  makers  of  this  type  of  manograph  use  a  comparatively  long 
tube  between  the  engine  cylinder  and  the  pressure  diaphragm  Q,  and 
they  connect  the  small  crank  R  to  the  engine  crank-shaft  by  means  of 
a  flexible  torsion  shaft.  Such  an  arrangement  is  liable  to  introduce 
considerable  errors,  because  the  time  lag  between  the  pressure  in  the 
cylinder  and  that  at  the  diaphragm  is  very  appreciable  at  high  speeds, 
besides  which  the  long  tube  both  throttles  the  gases  and  increases 
the  volume  of  the  cylinder  clearance.  To  get  over  these  difficulties  to 
some  extent  these  makers  provide  an  ingenious  epicyclic  arrangement  of 
wheels  between  the  engine  and  the  small  crank  R,  whereby  the  crank 
R  can  be  retarded  behind  the  engine  crank  by  the  phase  difference 
equivalent  to  the  pressure  lag  between  the  engine  cylinder  and  the 
diaphragm.  Unfortunately,  the  retardation  which  is  required  varies 
with  the  engine  speed,  and  the  adjustment  is  uncertain  and  interferes 
with  the  accuracy  of  the  indicator  diagram.  It  is  much  better  to  have 
a  short  connection  between  the  engine  cylinder  and  the  diaphragm  and 
to  provide  a  light  chain  or  gear-driven  auxiliary  shaft  to  operate  the 
crank  R. 

In  producer  gas  engines  and  in  oil  engines  the  character  of  the 
explosion  and  combustion  often  varies  considerably  from  cycle  to  cycle, 
and  these  engines  sometimes  show  a  want  of  reliability,  especially  when 
operating  under  a  very  variable  load.  Some  of  the  causes  of  unreliability 
are  very  obscure,  and  a  continuous  record  of  the  explosions  over  a 
lengthy  period  is  sometimes  helpful  when  trying  to  locate  the  fault. 
When  the  character  of  the  combustion  varies  from  cycle  to  cycle,  the 
determination  of  the  true  average  mean  effective  pressure  requires  a 
large  number  of  indicator  diagrams  and  this  involves  a  large  amount  of 
labour  in  working  out  the  diagrams.  Much  of  this  work  can  often  be 
avoided  in  such  cases  by  using  an  explosion  recorder. 

Fig.  40  shows  the  Mathot  continuous  explosion  recorder  attached  to 
a  Mclnnes-Dobbie  gas  engine  indicator.  The  recording  drum  A  is 
3!  ins.  diameter,  accommodating  a  strip  of  paper  13  ins.  long.  The 
drum  is  driven  by  a  clock  mechanism,  and  one  rotation  of  the  drum 
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occupies  about  2  minutes.  The  rotating  action  of  the  drum  can  be 
started  or  stopped  by  pressing  the  button  D.  A  special  Mathot 
explosion  recorder  is  also  made  which  is  suitable  for  high  rotational 
speeds  and  having  two  drum  speeds. 

A  cheap  form  of  explosion  recorder  designed  by  the  author  is  repre- 
sented in  Fig.  41,  and  is  made  by  W.  B.  Nicolson,  instrument  maker, 
Glasgow.  It  is  particularly  suitable  for  a  fixed  gas  or  oil  engine.  The 
figure  shows  the  explosion  recorder  fixed  to  a  small  suction  gas 
engine.  An  iron  tee  pipe  connection,  marked  T,  is  attached  to  a 
nipple  in  the  indicator  hole  of  the  cylinder.  One  branch  of  the  tee 
piece  has  the  indicator  cock  A  attached,  and  in  the  other  branch  the 
indicator  cock  B  is  fixed.  The 
explosion  recorder  E  is  fixed  in 
any  convenient  position.  In 
the  figure  it  is  shown  to  be 
supported  by  a  light  plate  P 
from  one  of  the  studs  for  the 
sparking  plug.  An  indicator 
paper  D  is  cut  from  a  roll  and 
the  ends  are  gummed  together. 
This  is  slipped  over  the  drum 
E  and  over  the  indicator  drum. 
A  small  pulley  G,  attached  to 
the  extension  K  of  the  side 
shaft  H,  drives  the  recorder 
pulley  F  by  means  of  a  string, 
and  this  gives  motion  to  the 
indicator  paper  D  through  an 
epicyclic  gear.  The  indicator 
drum  may  remain  stationary, 
for  the  paper  D  slides  easily 
over  the  surface  of  the  drum. 
Two  speeds  of  travel  are  pro- 
vided for  the  paper,  a  slow  and 
a  high  speed,  and  the  change  FIG.  40.— Mathot  explosion  recorder  on  a 
from  one  speed  to  the  Other  Uobbie-Mclnnes  gas  engine  indicator. 
can  be  accomplished  in  a  few 

seconds  by  shifting  one  of  the  wheels  of  the  epicyclic  gear.  Another 
convenient  arrangement  of  this  recorder  is  to  retain  the  indicator  on 
the  cock  A  and  to  fix  the  recorder  driving  drum  E  vertically  at  a 
convenient  distance  from  the  indicator,  driving  the  pulley  F  from  the 
top  of  the  governor  spindle. 

The  correct  procedure  in  determining  the  true  mean  effective  pres- 
sure when  using  the  indicator  and  the  explosion  recorder  is  as  follows  : 
The  indicator  is  first  attached  to  the  cock  A,  and  the  ordinary  indi- 
cator diagram  is  obtained  at  any  particular  period,  the  pencil  being 
kept  in  contact  with  the  indicator  paper  for,  say,  six  or  seven  explosion 
cycles.  This  would  probably  give  six  or  seven  different  diagrams  on 
the  card.  Immediately  afterwards  the  indicator  is  attached  to  the 
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cock  B,  and  the  explosion  record  is  taken  on  the  moving  paper  D  with 
the  slow  speed  in  operation.  If  two  similar  indicators  were  available 
both  sets  of  diagrams  could  be  taken  simultaneously,  but  this  is  not 
essential.  If  the  indicator  C,  which  is  attached  to  cock  B,  had  the 
drum  spring  and  the  drum  stops  taken  out,  then  the  indicator  drum 


FIG.  41. — Arrangement  of  explosion  recorder  on  small  gas  engine. 

could  be  driven  from  E  by  means  of  a  string,  an  ordinary  indicator 
card  being  used  instead  of  the  moving  paper  D.  The  varying  height 
of  the  explosion  lines  would  indicate  the  varying  character  of  the 
explosions,  and  by  counting  the  number  of  strong,  weak,  and  moderate 
explosions,  and  comparing  these  with  the  ordinary  indicator  diagrams 
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previously  obtained,  it  is  easily  seen  what  relative  value  should  be 
attached  to  each  of  the  indicator  diagrams  when  calculating  the  average 
mean  effective  pressure. 

The  sudden  increase  of  pressure  which  takes  place  in  a  gas  engine 
cylinder  causes  severe  inertia  stresses  on  the  linkwork  and  pin  joints 
of  an  ordinary  indicator,  and  is  liable  to  cause  slackness  at  these  pins. 
An  explosion  recorder  should  therefore  not  be  used  for  a  longer  period 
than  is  really  necessary. 

The  essential  features  of  a  good  indicator  are — 

1.  The  lowest  possible  frictional  resistance   between   the   moving 
parts,  with  not  more  than  a  slight  leakage  past  the  piston. 

2.  All  the  moving  parts  well  fitted  together  without  any  slackness  or 
play  in  any  connection,  and  the  moving  parts  should  be  as  light  as 
possible  consistent  with  proper  strength  and  durability. 

3.  With  a  link  multiplying  motion  between  the  indicator  piston  and 
the  pencil,  the  latter  should  move  parallel  to  the  piston,  and  the  motion 
should   preserve   a   constant   ratio.      The  indicator   drum   should   be 
perfectly  parallel  to  the  centre  line  of  the  indicator  cylinder. 

4.  When  atn  indicator  is  tested  for  accuracy  with  increasing  pressures, 
the  error  shcmld  n,0t  be  greater  than  a  fraction  ofj2iie-petmd~per  square 
inch,  even  when  using  the  strongest  springs.5~~Tt  is  necessary  to  test 
stearn_engine  indicators  under  steam  pressure. 

Those  who  have  not  had  much  experience  with  indicators  are 
liable  to  attach  too  little  importance  to  the  selection  of  an  indicator  for 
experimental  work,  and  pne  of  the  safest  guides  is  to  purchase  only  a 
well-known  type  of  indicator  of  reputable  make.  The  subject  is  of 
great  importance,  and  a  detailed  consideration  of  the  above-mentioned 
features  regarding  good  indicators  would  not  be  out  of  place. 

One  method  of  testing  for  frictional  resistance  is  to  fix  the  indicator 
parts  together,  but  without  spring,  and  with  a  little  light  oil  on  the 
piston.  If  it  is  found  that  the  weight  of  the  parts  will  just  cause  the 
piston  to  fall  slowly  in  the  cylinder  with  atmospheric  pressure  under 
the  piston,  this  is  one  indication  of  small  frictional  resistance.  Should 
the  piston  fall  very  freely  in  the  cylinder  it  would  indicate  a  loose 
fitting  and  leaky  piston.  This  method,  however,  is  not  altogether 
satisfactory,  as  it  does  not  properly  indicate  what  the  friction  would 
be  when  a  spring  is  inserted.  Another  method  is  to  fix  a  spring  in 
the  indicator,  and  to  put  all  the  parts  together  in  the  ordinary  way. 
Having  placed  a  paper  on  the  drum  draw  an  atmospheric  line,  after 
which  depress  the  indicator  pencil  gear  slightly,  then  release  it  gently 
and  draw  another  line.  Then  raise  the  pencil  motion  slightly,  release 
gently,  and  draw  a  third  line.  If  the  three  lines  practically  coincide 
when  a  moderate  strength  of  spring  is  used,  say  one  of  60  Ibs.  per  sq. 
inch,  this  would  indicate  a  small  frictional  resistance,  but  if  the  three 
lines  cover  a  breadth  representing,  say,  one  pound  per  square  inch, 
such  a  result  would  show  that  the  piston  or  rod  was  binding  unduly  in 
the  cylinder,  or  that  some  of  the  pin  joints  required  lubrication  or  were 
too  tightly  secured.  Not  only  should  a  new  indicator  be  tested  in  this 
fashion,  but  this  test  should  also  be  made  occasionally  when  indicators 
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are  in  use,  especially  if  excessive  friction  is  suspected,  or  if  the 
indicator  had  previously  behaved  badly  in  this  way.  To  minimise  the 
frictional  resistance  it  is  best  to  put  a  little  clean  olive  oil  on  all 
the  bearing  pins  and  studs  periodically. 

After  using  an  indicator,  the  gear,  piston,  and  barrel  should  be 
carefully  cleaned  with  a  dry  cloth  which  is  quite  free  from  dust,  and  on 
no  account  should  ordinary  hand  waste  be  used  to  clean  an  indicator. 
All  rough  usage  should  be  avoided.  The  dropping  of  the  indicator 
piston  or  the  pencil  gear  on  the  floor,  or  the  allowing  of  any  of  the 
connections  to  get  jammed  or  strained,  is  sufficient  to  affect  seriously 
the  accuracy  of  the  indicator. 

Although  there  may  be  five  or  six  pivots  and  a  screwed  connection 
between  the  indicator  piston  and  the  pencil,  the  slightest  slackness  or 
play  in  the  gear  should  not  be  tolerated  in  an  indicator  intended  for 
important  work.  Some  makers  use  conical  pin  joints  for  the  adjust- 
ment of  the  fit  should  these  parts  show  signs  of  slackness.  The 
connecting  screw  between  the  piston  and  the  pencil  gear  may  become 
worn  in  some  types  of  indicators  and  thus  cause  a  perceptible  slackness 
or  backlash. 

Excessive  weight  of  the  moving  parts  is  liable  to  cause  a  pressure 
lag  and  excessive  vibrations  of  the  gear  when  the  pressure  changes  are 
sudden,  as  for  instance,  at  the  point  of  steam  admission  or  on  the 
explosion  of  the  gas  in  the  Otto  cycle  engine,  or  at  the  commencement 
of  the  delivery  stroke  of  a  reciprocating  pump.  If  a  good  class  of 
indicator  is  well  manipulated  and  has  received  fair  treatment  and  is 
not  defective,  it  can  be  depended  upon  to  give  results  which  are 
reasonably  accurate  for  ordinary  purposes.  Where  extreme  accuracy 
is  desired  it  becomes  necessary  to  test  the  indicators  and  their  springs 
periodically. 

Indicator  Testers. — The  best  indicator  makers  test  all  the  indicators 
and  springs  before  these  leave  the  works,  but  for  important  tests  it  is 
sometimes  necessary  to  ascertain  the  degree  of  accuracy  of  an  indi- 
cator, either  before  or  after  the  engine  test.  It  is  a  well-known  fact 
that  the  elasticity  of  a  spring  depends  somewhat  upon  the  temperature ; 
therefore  a  steam  engine  indicator  should  be  tested  under  steam  pres- 
sure, whilst  an  indicator  used  at  ordinary  atmosphere  temperatures,  as, 
for  instance,  when  indicating  ordinary  water  pumps  or  air-compressors, 
should  be  tested  at  atmospheric  temperature. 

By  special  arrangement  the  dead-weight  pressure  gauge  testers 
shown  in  Figs.  34  and  35  may  be  used  to  test  indicators  under  steam 
pressure,  suitable  stops  being  required  to  limit  the  movement  of  the 
ram  or  plunger.  The  inlet  and  outlet  steam  cocks  should  be  capable 
of  fine  adjustment.  For  the  most  accurate  work,  however,  the  indi- 
cator should  be  tested  against  a  mercury  column,  but  for  approximate 
results  it  is  often  sufficient  to  test  the  indicator  on  a  special  steam 
cylinder  against  a  standard  gauge  of  known  errors,  having  inlet  and 
outlet  cocks  on  the  cylinder  for  the  adjustment  of  the  steam  pressure. 

A  certain  amount  of  skill  is  required  to  adjust  the  steam  pressure 
exactly  to  that  represented  by  the  load  on  a  plunger  or  ram,  and  if  the 
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desired  pressure  should  happen  to  be  over-reached  it  is  best  to  return 
to  the  starting  pressure  and  again  to  attempt  the  correct  adjustment. 

The  gauge  tester  shown  in  Fig.  35  may  also  be  used  to  test  an 
indicator  in  the  cold  condition  on  attaching  a  special  nipple  to  fit  an 


FIG.  42. — Dead-weight  indicator  tester  for  pressures  above  atmospheric. 

indicator  cock,  using  a  liquid  such  as  glycerine  to  transmit  the  pres- 
sure. If  the  indicator  piston  is  leaky  (an  indicator  piston  should 
allow  a  slight  leakage  in  any  case)  the  glycerine  escapes  past  and 
exerts  a  frictional  force  on  the  deep  piston,  thereby  affecting  the 
indicator  record. 

The  dead-weight  tester  shown  in  Fig.  42  is  made  by  Messrs.  Schaffer 
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and  Budenberg  for  testing  indicators  above  atmospheric  pressure  in  the 
cold   condition,  whilst   Fig.  42A  shows    how  the  indicator  would  be 

arranged  for  pressures  below  atmospheric. 
It  hardly  requires  to  be  mentioned  that  the 
weights  should  be  put  on  and  taken  off 
without  causing  shock. 

In  such  indicator  tests  it  is  nearly  always 
found  that  static  frictional  resistance  affects 
the  recorded  indicator  pressure,  the  record 
being  generally  higher  for  falling  than  for 
rising  pressures,  as  is  indicated  by  the  copy 
of  the  results  of  such  a  test  (Fig.  43) ;  but, 
unless  the  differences  are  excessive,  this 
should  not  seriously  affect  the  accuracy  of 
the  indicator  when  in  rapid  motion.  If  an 
indicator  were  found  to  be  subject  to  serious 
errors,  these  should  be  corrected  by  the 
makers  before  the  indicator  is  employed 
for  any  important  work. 

The  influence  of  the  inertia  and  the 
frictional  resistance  of  the  moving  parts  of 
an  indicator,  and  also  the  possible  influ- 
ence of  the  stretching  of  the  indicator  cord, 
has  been  investigated  both  theoretically 
and  experimentally  by  Professor  Osborne 
Reynolds,  whose  results  were  given  in  a 
paper  read  before  the  Institution  of  Civil 
Engineers  (vol.  Ixxxiii.).  The  probable 
errors  in  the  indicator  diagrams  due  to 
these  factors  are  likely  to  be  fairly  small 
with  good  indicators  under  skilful  operation, 
except  perhaps  with  high  rotational  speeds, 
though  gas  engine  indicators  are  sometimes 
liable  to  comparatively  large  inaccuracies. 

Indicator  Reducing  Gears. — The  motion 
given  to  an  indicator  drum  when  a  diagram 
is  being  obtained  should  be  a  correct  copy 
of  the  motion  of  the  engine  piston,  and  the 
J,         method  to  be  adopted  for  this  purpose  is 
g        generally  determined  by  the  stroke  of  the 
engine  and  the    position   of  the   indicator 
^        cocks.     An  arrangement  which  is  sold  by 
some    indicator  makers  for  attachment   to 
.  h  the  indicator  body  consists  of  a  large  and 
small  light  pulley  or  drum  fastened  to- 


FlG.  42A. — Dead-weight  indi- 
cator tester  for  pressures  be- 
low atmospheric. 


t 


FIG.  43. — Indicator   test 

gradually  increasing  and  de-    a 
creasing  pressures. 


gether  so  as  to  rotate  round  a  common 
stud.  A  string  from  the  engine  crosshead 
is  fastened  to  and  wrapped  round  the  large  drum,  being  kept  taut  by 
means  of  a  coiled  spring.  The  indicator  string  is  fastened  to  the 
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small  pulley  or  drum  and  to  the  indicator  drum.  The  motion  of  the 
crosshead  is  thereby  transferred  to  the  indicator  drum  reduced  to  a 
scale  depending  upon  the  ratio  between  the  diameters  of  the  two 
pulleys  or  drums.  This  arrangement,  although  perhaps  sufficiently 
accurate  for  slow  speeds  and  rough  experiments,  is  hardly  suitable  for 
accurate  work  at  normal  speeds,  partly  because  the  inertia  of  the  pulleys 
tends  to  cause  overrunning  at  the  ends  of  the  stroke,  and  partly  because 
of  the  difficulty  sometimes  experienced  in  hooking  and  unhooking  the 
indicator  strings  while  the  engine  is  working. 

A  convenient  type  of  reducing  gear  often  used  on  small  engines  is 
shown  in  Fig.  44.  A  is  a  stud  \  or  f  inch  diameter,  fixed  in  a  suitable 
bracket  which  is  attached  to  the  engine  frame,  and  B  is  an  extension  of 
the  crosshead  pin,  also  about  £  inch  diameter,  moving  between  the 
extreme  positions  Bj  and  B.,.  The  lever  AB  might  be  about  i  inch 
wide  by  i  inch  thick,  and  arranged  with  a  boss  at  A  which  is  bored  to 
accommodate  the  stud  about  which  the  lever  swings.  The  indicator 


string  I  is  attached  to  the  stud  E,  so  that  it  is  approximately  parallel  to 
the  line  of  stroke  BiB2  when  in  the  working  position,  and  the  indicator 
drum  thus  partakes  of  the  motion  of  the  stud  E.  If  the  length  of  AB  is 
not  less  than  about  one  and  a  half  times  the  engine  stroke  the  motion 
of  E  will  be  a  fair  copy  of  that  of  the  engine  piston,  but  that  the  copy 
cannot  be  quite  correct  is  evident,  since  E  moves  in  the  arc  of  a  circle 
whilst  B  moves  along  the  straight  line  B^.  If  a  quadrant  piece  is 
fixed  to  AB  to  which  the  string  can  be  attached,  as  indicated  in  Fig.  45, 
the  string  can  be  arranged  at  any  convenient  angle  to  the  line  of  stroke 
provided  suitable  guide  pulleys  are  used;  but  it  is  generally  best  to 
'  avoid  the  use  of  guide  pulleys  if  possible.  This  gear  is  also  incorrect, 
as  the  motion  of  the  indicator  drum  cannot  be  a  correct  copy  of  that 
of  the  engine  piston. 

An  accurate  reducing  gear  for  small  engines  is  shown  in  Fig  46. 
The  lever  AB  swings  about  the  stud  A  whilst  the  pin  or  stud  B  works 
in  the  slot  D,  the  slot  piece  being  fixed  to  the  crosshead.  Since  both 
E  and  B  move  in  arcs  of  circles  the  horizontal  displacement  of  E  is 
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AK 
always  the  fraction  -r^  of  that  of  B,  and  therefore  this  fraction  of  the 

crosshead  motion.  The  slight  up-and-down  motion  of  E  due  to 
moving  in  the  arc  of  a  circle  is  neutralised  by  the  length  of  the  indi- 
cator string.  If  the  gear  is  intended  to  be  permanently  fixed  on  the 

engine  for  experimental 
.  S0    purposes   a   convenient 

^ —  — ^ OAYVWVWWVWJ.    method  of  arranging  the 

^  string  is  shown  in  Fig. 

47.  A  steel  or  Bowden 
wire  I  is  attached  to  the 
stud  E  and  to  a  light 
spring  S,  the  spring  be- 
FIG.  47.— Indicator  gear  with  steel  wire  I.  ing  only  strong  enough 

to  keep  the  wire  nicely 

taut  when  the  engine  is  running  at  full  speed,  and  the  clips  C  attached 
to  the  wire  serve  for  the  connection  of  the  indicator  string  hooks.  By 
this  means  the  stretching  of  a  long  indicator  cord  or  string  is  avoided. 
Care  should  be  taken  to  see  that  when  two  indicators  are  to  be  used 
simultaneously  on  one  cylinder,  they  shall  be  arranged  so  that  both  of 
the  indicator  drum  springs  shall  be  acting  against  the  steel  wire  I. 

A  serviceable  but  costly  arrangement  which  is  intended  to  avoid 
the  stretch  of  long  indicator  cords  is  illustrated  in  Fig.  48.  The  lever 
swings  about  the  fixed  stud,  whilst  the  pin  B  on  the  crosshead  works  in  the 

slot  at  the  end  of  the  lever,  as  shown. 
Instead  of  a  wire  or  string,  a  light 
rectangular  rod  D  of  convenient 
length  is  supported  on  light  runners 
or  pulleys  R,  and  a  stud  fixed  in 
this  rod  works  in  the  slot  provided 
in  the  lever.  Thus  the  reciprocating 
motion  of  the  crosshead  is  given  to 
the  rod  D  on  a  reduced  scale.  The 
indicator  string  hook  is  attached  to 

B,  ^  B  B2  the  finger  F  which  is  fixed  on  the 

FIG.  48.— Indicator  gear  with  positively  rod  D.     This    arrangement  is  well 
driven  rod  D.  suited   for    an    experimental    plant 

where  there  are  two  or  more  cylin- 
ders in  line  with  all  the  pistons  attached  to  one  piston  rod,  such  as 
occurs  in  some  steam-driven  air  compressors,  or  in  tandem  steam 
engines. 

The  arrangement  shown  in  Fig.  49  forms  a  suitable  indicator  reduc- 
ing gear  for  single  acting  internal  combustion  engines.  A  convenient 
bracket  bolted  to  the  engine  frame  supports  the  stud  A  about  which 
the  arm  AB  can  swing  freely.  A  fixture  G,  screwed  into  the  boss  of 
the  piston,  supports  the  end  C  of  the  swing  lever  CB  by  means  of  a 
suitable  stud,  the  motion  of  the  piston  being  thereby  transmitted  to 
the  lever  AB.  The  indicator  string  is  connected  up  to  the  stud  E  and 
should  lie  practically  parallel  to  the  line  of  stroke  when  in  operation. 
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Since  both  E  and  B  move  in  circular  arcs  about  A,  the  motion  of  E  is 
very  nearly  a  correct  copy  of  that  of  the  piston,  and  the  lever  AB  should 
be  designed  so  that  the  extreme  positions  of  B,  i.e.  Bx  and  B2,  are  as 
much  above  the  centre  line  as  the  centre  position  of  B  is  below  this 
line.  Instead  of  the  single  bracket  to  support  the  stud  A,  a  convenient 
and  sufficiently  rigid  modification  for  moderately  sized  engines  is  to 
attach  the  stud  A  to  two  tie-rods,  one  at  each  end  of  the  stud,  and  on 
opposite  sides  of  the  centre  position  of  AB,  the  lever  AB  swinging 
between  the  two  tie-rods. 

Indicator  Reducing  Gears  for  Large  Engines. — The  pantograph 
type  of  gear,  shown  in  Fig.  50,  can  be  used  both  for  short  and  for  long 


FIG.  49. — Indicator   gear   suitable   for 
small  gas  engines. 


FIG.  50. — Indicator  gear  for 
moderate  size  of  engine. 


stroke  engines,  but  for  a  short  stroke  it  would  be  unnecessarily  costly  to 
construct,  and  in  any  case  it  is  liable  to  get  shaky  owing  to  the  large 
number  of  pivots.  The  gear  consists  of  four  parallel  rods,  ACF,  DG, 
CED,  and  FGB.  A  is  a  fixed  stud  on  the  engine  frame  and  B  is  the 
extension  of  the  crosshead  pin.  The  link  CD  is  equal  and  parallel  to 
FG,  and  similarly  with  regard  to  CF  and  DG.  The  stud  E  on  the  centre 
line  of  CD  and  on  the  line  AB  gives  motion  to  the  indicator  string  I, 
which  thus  receives  a  copy  of  the  motion  of  B  on  the  reduced  scale 

-^5.     The  various  links  may  be  constructed  of  hard  wood  with  brass 

bushes  working  on  steel  pins  or  studs. 

A  cheap  and  convenient  arrangement  for  ordinary  long-stroke 
engines  is  shown  in  Fig.  51.  A  ^  inch  cotton  rope  is  passed  round  the 
grooved  brass  pulleys  A  and  C  o 

which  are  of  light  construction,  <°/  ~;    ° 2 

and  the  ends  of  the  rope  are     /^T\  '  "*~7ffi\      I 

attached  to  the  crosshead  pin 
extension  B  which  moves  be- 
tween the  extreme  positions  El 
and  B2.  A  small  drum  or 


FIG.  51. — Indicator  gear  for  large  engines. 


pulley  D,  cast  with  or  fixed  on  the  pulley  C  which  is  nearest  the  engine 
cylinder,  has  the  indicator  string  I  attached.     The  studs  or  pins  which 
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support  the  rotating  pulleys  A  and  C  are  fixed  to  the  engine  frame  or 
to  suitable  brackets  attached  to  the  frame,  the  stud  at  A  being  provided 
with  slot  adjustment  for  the  tension  of  the  rope.  If  the  groove  in 
pulley  C  is  made  V-shaped,  the  rope  will  rotate  it  without  slip  when 
the  indicator  string  is  hooked  up.  It  is  evident  that  the  ratio  between 
the  diameters  of  the  pulleys  C  and  D  must  be  equal  to  the  ratio  of  the 
engine  stroke  to  that  of  the  indicator  drum. 

The  indicator  gear  shown  in  Fig.  52  is  suitable  for  use  on  vertical 
engines.  The  stud  A  is  fixed  in  a  suitable  bracket  attached  to  the 
engine  frame  and  supports  the  light  lever  BAE.  The  pin  C  is  on  the 
crosshead  pin  extension  and  gives  motion  to  lever  AB  through  the 
link  CB,  the  indicator  string  I  being  attached  to  the  point  £  and 
arranged  parallel  to  the  line  of  engine  stroke.  Instead  of  the  string  a 
light  Bowden  steel  wire  can  be  conveniently  used,  kept  taut  by  a  spring 
in  the  manner  described  in  connection  with  Fig.  47,  p.  60,  and  the  use 
of  guide  pulleys  for  the  indicator  wire  or  string  should  be  avoided  if 
this  is  possible. 

An  indicator  reducing  gear  which  has  sometimes  been  used  is 
illustrated  in  Fig.  53.  A  circular  disc  or  eccentric  D  is  set  out  of 


FIG.  52. — Indicator  gear  for  vertical 
engines. 


FIG.  53. — Indicator  gear. 


centre  on  the  engine  crank  shaft  and  exactly  in  line  with  the  crank. 
Against  this  disc  a  roller  A  on  the  rod  R  is  kept  in  contact  by  the  com- 
pressed spring  S,  the  rod  being  guided  parallel  to  the  engine  centre  line 
by  the  guides  G.  The  indicator  string  I  is  attached  to  the  clip  E. 

Let  L  be  the  stroke  of  the  engine ;  C  the  connecting  rod  length ; 
/the  required  motion  of  the  indicator  drum;  t\  the  radius  of  the  roller 
A,  and  r2  the  radius  of  the  disc  D.  This  gear  will  give  a  correct  copy 
of  the  piston's  motion  provided  that  the  roller  and  disc  are  made  to 
fulfil  the  following  condition  :— * 

I       =L 

1\  +  r2      C 

There  are  several  objectionable  features  in  this  gear.  In  the  first  place, 
it  is  rather  expensive  to  construct  and  either  requires  a  long  rod  R  or  a 
long  indicator  string,  though  in  some  large  land  engines  the  disc  D  is 
placed  on  the  valve  eccentric  shah  near  the  cylinders,  this  shaft  being 
driven  from  the  crank  .shaft  at  the  same  speed.  Also,  the  spring  S  has 
to  be  made  sufficiently  powerful  to  overcome  the  inertia  and  frictional 
resistance  of  all  the  reciprocating  parts  of  the  gear  as  well  as  to  over- 
come the  indicator  drum  springs.  For  these  reasons  this  gear  is  not  to 
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FIG.  54. — Common,  but  faulty 
arrangement  of  indicator 
connections  to  engine 
cylinder. 


be  recommended  unless  there  happens  to  be  some  special  reason  to 
prevent  the  adoption  of  any  of  the  previous  types  of  indicator  reducing 
gears. 

Attachment  of  Indicators  to  Cylinders. — A  common  arrangement 
of  indicator  connections  is  illustrated  in  Fig.  54,  where  a  £"  to  £"  bore 
pipe  from  each  end  of  the  cylinder  is  con- 
nected to  a  three-way  cock  as  shown.  The 
advantages  of  this  arrangement  consist  in 
requiring  only  one  indicator  for  each  cylinder 
and  in  being  easy  to  manipulate,  but  such  an 
arrangement  is  most  undesirable  where  accu- 
racy is  essential,  except  perhaps  for  very  small 
engines,  as  the  length  of  the  pipe  connections 
has  an  influence  on  the  accuracy  of  the 
diagram.  Both  theory  and  experiment  show 
that  the  pipes  will  cause  the  indicator  pres- 
sure to  lag  behind  that  in  the  cylinder,  and 
may  thus  give  a  mean  effective  pressure  per- 
haps two  or  three  per  cent,  too  great,  depend- 
ing upon  the  diameter  and  length  of  the  pipe 
connections.  A  better  arrangement  is  to  screw  the  indicator  cocks 
directly  into  each  end  of  the  cylinder,  and  to  use  two  indicators  if 
these  are  available.  The  Whitworth  j-inch  thread  is  the  common 
standard  connection  of  an  indicator  cock  to  the  cylinder. 

Taking  of  Indicator  Diagrams. — The  taking  of  indicator  diagrams 
from  a  steam  or  gas  engine  is  often  looked  upon  as  being  a  simple 
operation,  and  even  though  |  good  indicator  under  skilful  operation 
cannot  be  relied  upon  for  absolute  accuracy,  it  is  quite  common  to  find 
great  reliance  placed  upon  indicator  diagrams  obtained  under  obviously 
bad  conditions,  and  to  see  indicated  horse  powers  worked  out  from 
such  diagrams  to  five  or  six  significant  figures  when  it  is  quite  likely 
that  the  diagrams  have  large  percentage  errors.  It  would  perhaps  be 
advantageous  to  consider  some  of  the  common  errors  in  diagrams  due 
to  lack  of  care  or  of  skill  on  the  part  of  the  operator  or  due  to  indicator 
defects. 

When  an  indicator  is  put  together  the  spring  should  be  selected  so 
as  to  give  a  diagram  of  reasonable  height,  though  for  high  speed  engines 
a  stiff  spring  may  be  necessary  to  restrain  the  tendency  of  the  indicator 
to  impulsive  vibrations.  All  the  parts  should  be  screwed  nicely  home, 
and  before  insertion  into  the  indicator  cylinder  for  immediate  use  it  is 
best  to  put  a  few  drops  of  clean  engine  cylinder  oil  on  the  piston, 
especially  when  highly  superheated  steam  is  used  and  also  in  the  case 
of  gas  engine  indicators.  The  operator  should  see  that  the  indicator 
coupling  nut  is  well  screwed  to  the  indicator  cock  on  three  or  four 
threads  before  opening  the  cock ;  otherwise  there  is  danger  of  the  nut 
slacking  back  and  thus  allowing  the  indicator  to  get  blown  off  the  cock. 
Before  the  indicator  string  is  hooked  up  it  should  be  adjusted  for  length 
so  that  there  is  no  likelihood  of  breaking  the  string  or  of  the  indicator 
drum  touching  the  stops.  Also,  a  careful  watch  should  be  kept  on  the 
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diagrams  to  see  that  the  string  does  not  slip.  The  slightest  knock  of 
the  indicator  drum  against  either  stop  can  be  felt  by  placing  the  fingers 
lightly  on  the  indicator  in  the  neighbourhood  of  the  drum.  The  full 
line  in  Fig.  55  shows  the  kind  of  diagram  to  be  expected  when  the 
drum  knocks  against  one  stop,  and  the  dotted  part  is  intended  to 
represent  the  part  of  the  diagram  which  is  missed,  and  of  course,  the 
same  sort  of  thing  would  occur  at  the  other  end  of  the  diagram  if  the 
knock  happened  to  occur  at  the  other  stop. 

A  good  way  to  place  an  indicator  card  on  the  drum  is  to  bend  over 
one  of  the  short  edges  of  the  card,  and  to  place  the  bent  part  into  the 


FlG.  55. — Indicator  diagrams  with  drum 
touching  end  stop. 


FlG.  56. — Result  of  frictional  resistance 
in  indicator. 


top  of  the  longer  clip.  Then  put  the  card  round  the  drum  with  the 
other  end  under  the  top  of  the  shorter  clip,  and  slip  the  card  down 
the  drum,  care  being  taken  to  keep  it  tight  and  straight  so  that  there 
will  be  no  danger  of  the  card  shifting  on  the  drum.  Most  indicator 
makers  now  supply  a  metallic  pencil  for  use  with  specially  treated 
indicator  paper  or  cards,  though  a  hard  blacklead  pencil  is  likely  to  give 
the  more  accurate  diagram  on  account  of  its  small  frictional  resistance. 
The  pressure  of  the  pencil  on  the  paper  should  be  carefully  adjusted  by 
the  stop  screw  provided  so  that  it  makes  only  a  fine  light  mark,  and  the 
pencil  point  should  be  kept  in  condition  by  means  of  a  fine  file  or  by 


FlG.  57. — Steam  engine  diagram  show- 
ing indicator  vibrations. 


FlG.  58. — Indicator  diagram  from  Otto 
cycle  gas  engine,  showing  indicator 
oscillations. 


using  emery  paper.  If  the  pencil  is  allowed  to  press  too  heavily  on  the 
paper  the  frictional  resistance  thereby  induced  would  affect  the  accuracy 
of  the  diagram.  The  obvious  defects  in  the  diagram  shown  in  Fig.  5  6 
is  the  result  of  excessive  frictional  resistance  either  between  the  pencil 
and  the  paper  or  in  the  indicator  mechanism. 

In  the  cases  of  high  speed*  steam  engines  and  of  internal  combustion 
engines  working  on  the  Otto  cycle,  the  diagrams  often  show  vibrations 
of  the  indicator  mechanism  after  a  sudden  change  of  pressure,  such 
as  occurs  after  steam  admission  or  after  the  ignition  point  on  a  gas 
engine.  Such  a  steam  engine  diagram  is  shown  in  Fig.  57,  whilst  Fig.  58 
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represents  the  type  of  the  diagram  often  obtained  from  gas  engines,  espe- 
cially from  small  engines  using  coal  gas.  It  is  noticeable  that  frictional 
resistance  will  generally  damp  out  the  vibrations  rapidly,  and  one 
common  method  of  checking  these  oscillations  is  to  allow  the  pencil  to 
press  heavily  on  the  indicator  paper,  but  this  is  to  be  deprecated  as  intro- 
ducing possible  errors  greater  than  those  due  to  the  oscillations.  Gene- 
rally a  mean  line  drawn  through  the  oscillations  is  taken  to  represent  the 
correct  pressures  when  the  mean  effective  pressure  is  to  be  obtained  by 
the  planimeter  method,  but  if  the  ordinate  method  is  used  and  a  series 
of  diagrams  have  been  taken,  the  effect  of  the  oscillations  can  be 
practically  eliminated  by  considering  an  average  diagram  made  up  of 
the  average  values  of  the  similar  ordinates  over  the  whole  of  the  cards. 
An  internal  combustion  engine  indicator  of  the  piston  type  is  particularly 
liable  to  damage  on  account  of  the  severe  stresses  on  the  links  caused 
by  the  inertia  of  the  indicator  mechanism.  After  a  few  diagrams  have 
been  taken  from  a  gas  or  oil  engine  it  is  always  well  to  take  the  indicator 
off  the  cock  and  thoroughly  clean  and  oil  the  piston  and  indicator 
cylinder,  leaving  them  aside  to  cool  until  the  next  diagram  is  to  be 
taken.  The  indicator  cock  should  never  be  left  open  any  longer  than 
is  absolutely  necessary.  By  taking  precautions  such  as  these,  the  useful 
life  of  an  indicator  can  be  much  extended,  whereas  careless  usage  soon 
affects  the  accuracy. 

It  is  always  a  difficult  matter  to  obtain  accurate  indicator  diagrams 
from  a  small  engine  or  compressor,  especially  if  high  pressures  are 
employed  and  the  clearance  volume  is  small.  The  opening  of  the 
indicator  cock  not  only  introduces  a  modification  of  the  clearance 
volume,  but  some  leakage  occurs  at  the  indicator  piston ;  thus  it  is  that 
indicator  diagrams  taken  from  very  small  engines  or  compressors  may 
record  pressures  which  are  quite  wrong. 

Thermometers  and  Thermometry.  —  In  ordinary  temperature 
measurements  the  mercury  thermometer  is  most  commonly  used.  For 
experimental  work  the  mercury  bulb  should  have  a  diameter  less  than 
that  of  the  stem  to  allow  of  the  easy  insertion  into  the  thermometer 
pockets  •  also  an  enlargement  of  the  bore  at  the  top  of  the  stem  is  an 
advantage  in  preventing  the  bursting  of  the  thermometer  should  it  be 
accidentally  subjected  to  a  temperature  beyond  the  scale.  It  is  best  to 
have  the  thermometer  graduations  engraved  on  the  glass  stem  with  a 
layer  of  white  enamel  behind  the  capillary  tube,  and  it  is  convenient  to 
have  the  lowest  temperature  mark  two  or  three  inches  above  the  bulb 
to  facilitate  the  reading  of  the  thermometer  when  placed  in  an  ordinary 
pocket  and  the  temperature  happens  to  be  at  the  lower  end  of  the 
thermometer  scale.  Any  reliable  firm  of  instrument  makers  are  able 
to  supply  the  ordinary  types  of  mercury  thermometers  at  short  notice, 
and  specially  constructed  thermometers  within  a  reasonable  time.  For 
ordinary  laboratory  work  it  is  sometimes  convenient  to  have  special  sets 
of  thermometers  for  succeeding  ranges  of  temperature,  the  scale  reading 
of  one  set  commencing  several  degrees  below  the  highest  reading  of  the 
preceding  set.  The  range  of  each  set  might  be  chosen  so  that  the 
temperature  could  easily  be  read  to  -^  of  a  degree. 
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Mercury  thermometers  are  very  liable  to  inaccuracies.  When  a 
temperature  is  observed  care  should  be  taken  to  avoid  parallax,  that 
is,  the  line  of  sight  should  be  perpendicular  to  the  stem,  and  watch 
should  be  kept  on  the  thread  of  mercury  to  see  that  no  part  has  become 
detached  from  the  main  column.  Any  detached  thread  of  mercury 
can  generally  be  got  back  into  position  by  jerking  the  thermometer 
whilst  holding  it  in  the  vertical  position,  or  by  raising  the  temperature 
beyond  the  position  of  the  detached  portion,  when  such  will  generally 
rejoin  the  main  thread  or  column.  When  a  mercury  thermometer  is 
inserted  into  a  pocket  to  measure  a  particular  temperature,  it  is  gene- 
rally found  to  require  several  minutes  to  rise  or  fall  to  the  correct 
position,  so  that  before  a  reading  is  taken  the  thermometer  should  be 
watched  to  see  that  it  has  acquired  the  proper  temperature  reading. 
In  no  case  should  a  thermometer  be  exposed  to  pressures  greater  than 
atmospheric  unless  such  conditions  have  been  previously  allowed  for  in 
the  calibration  of  the  thermometer.  If  the  capillary  tube  in  the  ther- 
mometer stem  is  made  too  fine  in  the  bore,  the  mercury  may  have  a 
tendency  to  stick  in  the  tube  and  to  rise  or  fall  in  a  jerky  manner  under 
changing  temperatures.  Errors  would  also  be  introduced  if  the  capillary 
tube  were  not  uniform  in  bore,  or  if  the  thermometer  when  in  use 

were  placed  in  a  position  thermally 
different  to  that  which  it  had  when 
being  tested  to  determine  the 
thermometer  scale  divisions.  The 
graduations  for  the  degrees  on  the 
stem  are  equally  spaced  in  ordinary 
thermometers,  and  as  mercury  does 
not  expand  quite  uniformly  at  all 
temperatures  this  may  introduce  a 
small  error. 

The  above  -  mentioned  instru- 
mental errors  should  be  very  small 
in  good  thermometers,  but  when  it 
is  essential  to  measure  temperatures 
as  accurately  as  possible  with  mer- 
cury thermometers,  these  should  be 
tested  against  a  good  standard  ther- 
mometer and  the  errors  noted.  For 
general  purposes  it  is  usually  suffi- 
cient to  test  an  ordinary  thermo- 
meter at  the  freezing  and  boiling 
points  of  water  if  these  temperatures 
are  on  the  scale.  Fig.  59  shows  a 
FIG.  59. — Apparatus  for  testing  thermo-  suitable  apparatus  for  comparing  the 
meter  at  freezing  point  of  water.  freezing  point.  The  thermometer 

(From  Watson's  Textbook  of  Practical  Physics.}    bulb    is    Well    SUrrOUnded   with   clean 

finely  broken  ice  so  that  the  reading 

will  be  just  above  the  ice,  and  it  should  be  left  in  this  position  until 
the  temperature  reading  becomes  constant,  the  error  being  then  carefully 
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noted.  The  melted  ice  is  allowed  to  drip  through  the  hole  in  the 
bottom  of  the  funnel.  The  thermometer  should  afterwards  be  laid 
aside  for  several  days  and  then  tested  for  the  boiling-water  temperature 
at  atmospheric  pressure.  A  convenient  type  of  apparatus  for  this 
purpose  is  illustrated  in  Fig.  60.  The  thermometer  bulb  is  surrounded 
by  steam  at  atmospheric  pressure  which  is  generated  in  the  vessel  G, 
and  it  is  best  to  place  the  bulb  well  in  the 
current  of  steam  but  with  the  stem  exposed 
to  the  atmosphere  in  the  manner  it  is  likely 
to  be  exposed  when  in  use.  After  some 
time  the  reading  would  become  steady  and 
should  be  noted  along  with  the  barometric 
pressure,  which  of  course  determines  the 
actual  boiling  temperature.  The  table  on 
p.  372  gives  the  temperatures  of  steam  at 
various  absolute  pressures,  from  which  it 
will  be  noted  that  212°  F.  corresponds  to  a 
barometric  pressure  of  29-92  inches  of  mer- 
cury or  147  Ibs.  per  square  inch.  The 
difference  between  the  actual  temperature  as 
given  by  the  table  and  that  recorded  by  the 
thermometer  gives  the  error  at  this  boiling- 
point  temperature.  In  the  same  manner  a 
thermometer  reading  above  212°  might  be 
compared  at  a  few  points  to  the  boiling 
temperatures  of  other  substances,  such  as 
aniline  (363°  F.)  or  sulphur  (832°  F.)  (see 
p.  383  for  table  of  boiling  points).  For 
most  purposes  it  could  be  assumed  that 
the  change  of  error  is  gradual  between  the 
freezing  and  boiling  points,  which  may  not 
be  quite  true,  especially  if  the  capillary  tube 
were  not  of  uniform  bore.  This  latter  de- 
fect can  be  tested  by  detaching  a  thread  of 
mercury  from  the  main  column,  which  can 
be  done  by  shaking  the  thermometer  gently 
when  held  wrong  end  up,  and  then  measuring 
the  length  of  this  thread  at  various  positions 
on  the  stem.  If  the  length  of  the  thread  is 
found  to  be  uniform,  it  follows  that  the  bore 
is  also  uniform.  The  method  to  be  adopted 

to  correct  the  thermometer  readings  due  to  the  variable  bore  of  the  tube 
can  be  ascertained  from  any  good  work  dealing  with  elementary  experi- 
mental physics.  To  ensure  a  greater  degree  of  accuracy,  corrections 
could  be  made  to  the  boiling-point  temperature  for  variations  of  the 
barometric  pressure  due  to  latitude,  the  altitude  above  sea-level,  and 
the  temperature  of  the  mercury  in  the  barometer,  but  such  corrections 
are  generally  too  small  to  be  of  any  particular  importance  to  engineers. 
When  a  standard  thermometer  is  available,  the  errors  of  which  are 


FIG.  60. — Apparatus  for  test- 
ing thermometer  at  boiling 
point  of  water  (atmospheric 
pressure). 

(From  Watson's  Textbook  of 
Practical  Physics.) 
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known,  an  ordinary  thermometer  can  be  tested  between  3  2°  F.  and  2 1 2°  F. 
by  tying  the  two  together  and  inserting  them  into  a  wide  test-tube  or 
flask  containing  water.  This  should  be  shielded  from  draughts  by  a 
paper  or  asbestos  screen,  and  should  be  heated  very  gently  on  a  sand 
bath  for  temperatures  above  that  of  the  surrounding  atmosphere  (or 
placed  in  a  vessel  surrounded  by  melting  ice  for  temperatures  below 
atmospheric),  but  in  any  case  the  bulbs  and  part  of  the  stems  should  be 
well  covered  by  the  water.  For  a  comparison  of  temperatures  above 
212°  F.  mercury  or  oil  could  be  used  instead  of  water.  Whether  water 
or  mercury  is  employed,  the  comparison  should  be  made  with  the  tem- 
peratures falling  very  slowly  and  with  the  heating  flame  taken  away, 
taking  care  that  the  liquid  in  the  test-tube  is  well  stirred  during 
the  test.  Afterwards  the  results  could  be  plotted  on  squared  paper, 
using  scales  to  read  to  the  same  degree  of  accuracy  as  the  readings  of 
the  thermometers.  Such  a  thermometer  should  be  recalibrated  periodi- 
cally, especially  if  it  is  new,  as  the  glass  bulb  may  slightly  alter  in 
volume  in  course  of  time.  The  standard  thermometer  errors  may  also 
change  slightly  in  course  of  time,  and  it  may  be  sent  to  the  National 
Physical  Laboratory  for  comparison  with  the  standard  air  thermometer 
if  important  work  of  a  scientific  nature  depends  upon  the  accuracy  of 
the  thermometers  used.  Generally  speaking,  ordinary  experimental 
conditions  do  not  require  the  extreme  degree  of  accuracy  more  usual 
in  purely  scientific  investigations. 

Many  calculations  relating  to  experimental  engineering  are  based 
upon  the  measurement  of  small  temperature  differences,  as,  for  instance, 
the  change  in  the  temperature  of  condensing  or  circulating  water  through 
a  condenser,  and  for  approximate  results  the  absolute  thermometer 
errors  need  not  be  known  if  the  thermometers  have  been  compared  with 
each  other.  A  rough  comparison  and  correction  can  sometimes  be  made 
when  the  actual  thermometer  errors  are  not  known  by  interchanging 
the  two  thermometers  occasionally  during  a  test  when  it  is  certain  that 
the  conditions  are  practically  uniform,  but  in  this  case  a  reading  should 
not  be  made  until  at  least  five  minutes  after  the  interchange.  Thus, 
if  the  average  inlet  and  outlet  condensing  water  temperatures  were 
65°  F.  and  93°  F.  respectively,  and  the  thermometers  were  inter- 
changed and  recorded  average  temperatures  64°  F.  and  94°  F.  after  the 
interchange,  there  being  no  appreciable  change  in  the  conditions,  it 
might  be  inferred  that  the  correct  temperature  difference  would  be  very 
near  the  value  (93*5  —  64*5)  =  29°  F.  This  method  of  allowing  for 
thermometer  errors  cannot  be  recommended  for  general  use  and 
should  only  be  employed  with  due  discrimination. 

Mercury  thermometers  are  now  made  having  nitrogen  or  other  inert 
gas  over  the  mercury,  but  these  are  not  to  be  recommended  for  accu- 
racy, especially  over  600°  F.,  as  errors  of  several  degrees  sometimes 
occur,  though  they  may  give  a  sufficiently  accurate  reading  for  ordinary 
purposes  if  carefully  used. 

Steel  tube  mercury  pyrometers  can  be  used  for  the  approximate 
measurement  of  temperatures  up  to  about  1000°  F.  These  instru- 
ments consist  essentially  of  a  cylindrical  steel  vessel  about  8  inches 
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long,  filled  with  mercury,  and  communicating  by  means  of  a  capillary 
steel  tube  with  the  spring  of  a  special  type  of  steel  tube  pressure  gauge. 
When  the  steel  vessel  is  exposed  to  the  heat,  the  mercury  expands  and 
imparts  motion  to  the  pointer  of  the  gauge.  They  can  be  supplied 
with  a  long  flexible  connecting  tube  up  to  50  yards  long,  for  reading  the 
temperatures  at  a  distance  from  the  source  of  heat. 
This  type  of  pyrometer  should  be  re-calibrated 
periodically,  as  it  is  liable  to  develop  serious  errors. 
Electrical  Thermometers.  —  The  Callendar- 
Griffiths  platinum  electrical  resistance  thermometer 
is  perhaps  the  most  accurate  type  of  electrical 
thermometer  from  very  low  temperatures  up  to 
2000°  F.  Use  is  made  of  the  increase  of  the 
electrical  resistance  of  platinum  wire  with  increase 
of  temperature,  and  in  this  type  the  platinum  wire 
is  wound  in  a  coil  on  a  mica  insulating  frame  and 
suitably  mounted  (Fig.  61).  Copper  or  platinum 
leads  are  used  to  connect  -the  coil  to  a  special 
galvanometer  and  resistance  box,  whereby  the 
electrical  resistance  of  the  coil  can  be  measured. 
Usually  the  platinum  coil  is  adjusted  by  the  makers 
so  that  the  change  of  resistance  is  i  ohm  between 
the  freezing  point  (o°  C.)  and  boiling  point  of  water 
(100°  C.).  If  the  resistance  is  R<  at  /°  C.,  and 
R0  at  o°  C.,  it  has  been  found  that  the  temperature- 
resistance  connection  is  expressed  by 

R«  =  R°(i  +  at  -f-  bf) 

The  values  of  R0  and  the  constants  a  and  b  are 
obtained  by  measuring  the  resistances  at  three 
definite  known  temperatures,  viz.  freezing  and  boil- 
ing points  of  water  and  the  boiling  point  of  sulphur, 
all  at  atmospheric  pressure.  Under  normal  con- 
ditions these  temperatures  are  o°  C.,  100°  C., 
444-5°  C-  respectively.  Where  necessary  a  table 
is  supplied  by  the  makers,  the  Cambridge  Scientific 
Instrument  Co.,  giving  the  temperatures  corre- 
sponding to  the  resistance. 

In  Fig.  62  the  thermometer  P  is  shown   con- 
nected   up   to    a   Whipple    temperature   indicator.  FIG.  61.— Platinum  re- 
The  copper  leads  are  connected  to  the  terminals  T,     sistance   thermome- 
four  being  required  on  account  of  the  compensating     ter  suitable  for  flue 
leads  to  be  afterwards  described.     On  depressing     8ases> 
the  key  F  to  make  contact,  the  galvanometer  needle 
B  remains  stationary  if  the  electrical  resistances  are  in  balance  and  the 
temperature  is  then  read  on  the  scale  A,  but  should  the  resistances 
not  be  in  balance  the  movement  of  the  galvanometer  needle  B  to  the 
right  or  left  would  indicate  whether  the  temperature  were  higher  or 
lower  than  that  indicated  on  the  scale  A.     The  scale  would  then  be 
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adjusted  by  the  handle  H  until  a  balance  was  obtained.  At  each 
observation  the  key  F  should  not  be  kept  in  contact  for  more  than 
an  instant. 

The  platinum  coil  and  the  leads  to  the  head  of  the  thermo- 
meter are  protected  with  a  glass  cover  of  about  \  in.  diameter  when 
the  thermometer  is  intended  for  use  up  to  500°  F. ;  with  an  iron  or 
porcelain  cover  for  temperatures  up  to  about  900°  F.,  or  with  a 
porcelain  cover  for  use  with  temperatures  up  to  2400°  F.  In  the 
latter  case  platinum  leads  would  be  used  between  the  coil  and  the 


FIG.  62. — Whipple  temperature  indicator  with  Callendar  platinum-resistance 

thermometer. 

thermometer  head.  These  thermometers  should  be  carefully  handled, 
especially  when  high  temperatures  are  being  measured,  but  they  can  be 
relied  upon  at  all  temperatures  between  their  limits ;  also,  when  such  a 
thermometer  is  inserted  into  a  pocket  to  measure  temperature,  care 
should  be  taken  to  let  it  heat  up  gradually  to  prevent  risk  of  damage  to 
the  porcelain  or  glass  cover. 

For  ordinary  engine-testing  these  thermometers  are  usually  too 
expensive  for  general  use,  but  they  can  be  used  most  advantageously  to 
give  exhaust  gas,  flue  gas,  or  furnace  gas  temperatures.  It  may  be 
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mentioned  that,  owing  to  radiation,  the  true  temperature  of  a  gas 
cannot  be  obtained  unless  the  walls  of  the  enclosure  are  at  the  same 
temperature  as  the  thermometer  cover.  For  example,  it  is  practically 
impossible  to  measure  the  true  furnace  gas  temperature  inside  a  com- 
bustion chamber  unless  the  walls  have  the  same  temperature  as  the 
gases. 

Fig.  63  is  a  diagrammatic  representation  of  the  connections  of  the 
resistance  bridge  and  galvanometer  for  use  with  these  electrical  resist- 
ance  thermometers.     In   order   to   eliminate  the 
effect    of    the    variable   resistance   of    the   leads 
between  the  platinum  coil  and  the  resistance  box 
due  to  variable  temperature,  Professor  Callendar 
introduced  the  compensating  leads  L:  to  balance 
the  resistance   of  the  leads  L2  to   the   platinum 
coil  R,  both  sets  of  leads  being  conducted  to  the 
thermometer  head,  and   thereby  any  convenient 
length  of  leads  can  be  used  without  affecting  the 
accuracy  of  the  thermometer.     The  bridge  is  so 
arranged  that  the  connection  between  the  galvano- 
meter G  and  the  bridge  wire  N  can   be  moved 
along  this  wire  until  the  galvanometer  needle  does 
not  show  any  deflection,  and  this  position  on  the 
bridge  wire  is  then  a  record  of  the  temperature,  FlG-   63.— Diagram   of 
since  it  can  be  used  to  determine  the  resistance     ^dTpktinum  re 
in  the  platinum  thermometer   coil.     If  required,     sistance  thermometer, 
special  electrical  resistance  thermometers  can  be 
supplied   which   are    very   little    thicker   than   the   ordinary   mercury 
thermometers. 

Thermo-electric  thermometers  or  pyrometers  are  often  used  to 
measure  high  temperatures.  When  two  different  metals  are  in  contact, 
and  the  point  of  contact  is  at  a  higher  temperature  than  the  remaining 
parts,  an  electrical  potential  is  produced  which  would  drive  a  small 
current  through  a  completed  circuit.  This  property  of  metals  is  made 
use  of  in  the  thermo-electric  pyrometer  (Fig.  64),  a  high-resistance 
galvanometer  being  generally  used  to  measure  the  electrical  potential. 
If  E  is  the  electromotive  force  of  the  thermo-couple  in  micro-volts,  / 
the  temperature  of  the  hot  junction  in  degrees  Centigrade  (the  cold  end 
of  the  junction  being  at  o°  C.),  then  experiment  has  shown  that — 

Iog10  E  =  A  Iog10  /  +  B 

where  A  and  B  are  constants.  Some  approximate  values  of  A  and  B 
are  given  as  follows  : — 

For  a  copper-constantan  couple,  used  for  temperatures  up  to 
about  600°  C.,  A  =  1*14,  B  =  1*34. 

For  a  platinum-platinum  -f  10  per  cent,  iridium  couple,  used  up 
to  about  1400°  C.,  A  =  no,  B  =  0-89. 

For  a  platinum-platinum  +  10  per  cent,  rhodium  couple  for  tem- 
peratures up  to  1600°  C.,  A  =  1-19,  B  =  0-52. 
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The  thermo-couple  and  the  leads  to  the  head  of  the  pyrometer  are 
protected  either  by  an  iron  or  by  a  porcelain  sheath. 

These  thermo-pyrometers  require  to  be  tested  periodically  against 
a  standard,  as  they  are  liable  to  errors ;  in  fact,  they  are  much  inferior 
to  the  Callendar  platinum-resistance  thermome- 
ter as  regards  accuracy,  reliability,  and  general 
usefulness. 

Recorders  have  been  designed  for  use  in 
connection  with  electrical  thermometers,  by 
which  a  chart  of  temperatures  over  any  period 
can  be  obtained. 

Heat-radiation  pyrometers  can  now  be  used 
with  a  fair  degree  of  accuracy  for  temperatures 
beyond  the  higher  temperature  limits  of  elec- 
trical resistance  or  thermo-electric  pyrometers, 
such  as  sometimes  occur  in  furnaces,  but  the 
radiation  pyrometer  is  not  of  much  use  for 
engine  or  boiler  testing  under  ordinary  circum- 
stances, so  that  a  further  description  would  not 
prove  of  much  service.  Those  who  are  in- 
terested could  get  sufficient  information  from 
modern  text-books  on  heat. 

Measurements  of  Wall  Temperatures. — 
The  mean  temperature  of  a  steam  or  gas  engine 
cylinder  wall  at  any  point  can  be  obtained  by 
inserting  a  small-diameter  mercury  thermometer 
into  a  carefully  drilled  hole  in  the  metal,  the 
hole  being  drilled  slightly  larger  than  the  ther- 
mometer stem.1  A  little  mercury  or  cylinder 
oil  placed  in  the  hole  increases  the  thermal 
contact  between  the  thermometer  and  the 
metal,  and  also  reduces  the  tendency  of  the 
drilled  hole  to  disturb  the  flow  of  heat  in 
the  metal.  Although  the  mercury  thermometer 
is  quite  serviceable  for  this  purpose  at  the  ordi- 
nary temperatures  of  steam  engine  cylinders, 

FIG.  64.— Copper-constan-  the  higher  temperatures  often  met  with  in  gas 
engine  cylinders  make  it  difficult  to  obtain 
accuracy,  besides  which  it  would  be  impossible 
to  measure  the  temperature  of  any  moving  part, 
such  as  the  piston  or  valves,  by  means  of  mercury  thermometers.  It  is 
well  known  that  the  inner  surface  of  a  steam  or  gas  engine  cylinder 
wall  fluctuates  in  temperature  by  a  few  degrees  at  each  cycle  of  the 
engine,  and  that  the  magnitude  of  the  fluctuation  in  the  metal  decreases 
at  a  rapid  rate  the  further  the  metal  is  from  the  inner  surface ;  in  fact, 

1  The  late  Mr.  Bryan  Donkin  appears  to  have  been  the  first  experimenter  to 
measure  the  temperature  of  cylinder  walls  by  this  means  :  Proc.  Ins t.  Civil  Eng., 
vol.  c.,  1889-90,  part  ii.  ;  ibid.,vo\.  cvi.,  1890-91,  part  iv.  ;  ibid.,  vol.  cxv.,  1893-94, 
part  i.  j  Proc.  Inst.  Meek.  Eng.,  1893,  p.  480  ;  ibid.,  1895,  P-  9°- 
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under  ordinary  conditions  there  is  practically  no  cyclic  temperature 
fluctuation  in  the  metal  at  \  in.  distance  from  the  inner  wall.  For 
this  reason,  and  also  because  of  the  temperature  lag  of  a  mercury 
thermometer,  such  a  thermometer  cannot  be  used  to  indicate  the 
magnitude  of  the  cyclic  tem- 
perature changes  in  the  metal 
of  a  steam  or  gas  engine 
cylinder.  The  mercury  ther- 
mometer is  also  useless  for 
measuring  the  temperature  of 
a  thin  wall  —  such,  for  in- 
stance, as  that  of  a  condenser 
tube. 

The  thermo-electric  couple 
is  particularly  serviceable  for 
measuring  the  temperature  of 
a  metal  wall.  A  particular 
arrangement  used  by  Mr.  H. 
P.  Jordan1  to  determine  the 
temperature  of  a  copper  tube 
through  which  heated  air  was 
flowing  is  shown  in  Fig.  65, 
the  tube  being  cooled  by  water 
circulated  on  the  outside  of 
the  tube.  First,  a  steel,  or  in 
some  experiments  a  gun-metal, 
sheathing  S  was  screwed  up 
tight,  till  its  knife-edge  end 
had  made  a  water-tight  joint 
with  the  internal  copper  air- 
pipe  and  thus  excluded  the 
water  from  this  portion  of  the 
pipe.  Into  this  sheathing  was 
screwed  a  long  copper  plug  P, 
with  two  longitudinal  slots  in 
which  were  laid  the  insulated 
copper  and  constantan  wires 
W.  To  the  copper  plug  was 
keyed  a  hollow  vulcanite  end 
V,  so  that  copper  and  vulcanite 
turned  together.  The  end  of 

the   vulcanite  was  solid   and   _ 

*,,™<>/l  A™  ~ii    FlG-   6S- — Arrangement    of    copper-constantan 

turned  down  to  fit  into  a  small        thermo-junction    to   measure   temperature   of 
recess  of  \  in.  diameter  drilled       copper  tube. 
to  a  depth  in  the  metal  of  the 

copper  pipe  equal  to  half  its  thickness.     Two  small   pinholes  were 

drilled  through  the  small  end  of  the  vulcanite.     The  insulated  copper 

and  constantan  wires  were  laid  in  the  slots  in  the  copper  plug,  and  then 

1  Proc.  Inst.  Meek.  Eng.,  1909,  p.  1317. 
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brought  inside  the  vulcanite  end.  For  a  short  distance  (about  J  in.) 
at  their  ends  the  wires  were  stripped  of  their  insulation,  and  this  length 
was  pushed  through  the  pinholes  in  the  small  end  of  the  vulcanite,  thus 
leaving  the  two  ends  standing  out  from  about  ^5  to  g1^  in.  and  about 
2*0  in.  apart.  The  wires  were  then  fixed  in  the  slots  by  shellac.  To 
make  the  junction,  the  copper  plug  was  carefully  screwed  up  until  it 
was  felt  that  the  end  was  fitted  well  up  against  the  internal  pipe.  Great 
care  was  taken  that  the  small  vulcanite  end  should  fit  into  the  recess  in 
the  metal  of  the  pipe;  this  was  done  by  testing,  with  a  gauge  and 
cutter,  the  exact  size  of  the  vulcanite  end  before  fitting  in  the  junctions. 
The  cold  junction  was  kept  at  a  constant  known  temperature  by  means 
of  an  oil-bath. 

The  direct  deflection  method  was  used  to  measure  the  electro- 
motive force  produced  by  the  difference  of  temperatures  of  the  hot  and 
cold  junctions,  the  galvanometer  being  of  the  D'Arsonval  mirror  type. 
The  deflections  on  the  galvanometer  scale  were  carefully  calibrated  by 
keeping  one  junction  in  a  cold  oil-bath  of  constant  temperature  and 
heating  the  other  junction  in  a  second  oil-bath  by  means  of  a  Bunsen 
burner,  the  temperatures  of  both  oil-baths  being  taken  by  standard 
mercury  thermometers.  From  these  results  a  curve  was  drawn  con- 
necting temperature  differences  of  the  junctions  with  the  galvanometer  de- 
flections. By  the  aid  of  these  curves  the  metal  temperatures  were  inferred 
from  the  galvanometer  deflections  observed  during  the  course  of  the 
experiments. 

An  objection  to  this  particular  arrangement  of  the  thermo-junctions 
might  be  urged  on  account  of  the  appreciable  surface  of  the  tube  which 
is  excluded  from  contact  with  the  water  by  the  sheath  S,  and  which 
might  thus  slightly  affect  the  temperature  at  this  point.  There  does 
not  appear  to  be  any  reason  why  the  sheath  should  not  be  reduced  in 
diameter  in  the  neighbourhood  of  the  junction  and  the  vulcanite  end  V 
made  to  suit.  Working  at  higher  temperatures  it  might  be  necessary 
to  use  a  glass  or  porcelain  insulator  instead  of  the  vulcanite  end. 

Professor  Hopkinson  1  has  used  nickel-wrought  iron  thermo-couples 
to  measure  the  mean  temperatures  of  the  cylinder  walls,  piston  wall,  and 
valves  of  a  Crossley  gas  engine.  The  couple  was  formed  by  nickel 
wire  brazed  into  a  wrought-iron  bolt,  the  bolt  being  screwed  tightly 
into  the  metal  wall  so  as  to  have  the  end  of  the  bolt  flush  with  the 
inner  wall.  The  nickel  wire  passed  through  a  hole  drilled  along  the 
axis  of  the  bolt,  from  which  it  was  insulated  by  means  of  a  glass  tube 
set  in  plaster  of  Paris ;  it  was  then  brought  through  a  small  hole  at 
the  end  of  the  bolt,  where  it  was  brazed  to  the  iron,  the  end  of 
the  nickel  wire  being  cut  off  flush  with  the  end  of  the  bolt.  A 
wrought-iron  wire  was  brazed  into  the  head  of  the  bolt.  Copper  leads, 
sweated  to  the  nickel  and  iron  wires  respectively  at  a  distance  of  3  ft. 
or  more  from  the  bolt,  connected  the  thermo-couple  through  an 
adjustable  resistance  to  a  reflecting  galvanometer.  Each  thermo- 
j unction  was  calibrated  by  placing  it  in  an  electric  furnace  along  with  a 
Callendar  electrical  resistance  pyrometer.  The  same  leads,  resistances, 
1  Proc.  Inst. Civil  Eng.,  vol.  clxxvi.,  1908-09,  part  ii. 
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and  galvanometer  were  used  in  the  calibration  as  in  the  engine.  The 
cold  junction  was  sufficiently  far  from  the  engine  to  have  the  tempera- 
ture" of  the  surrounding  air,  which  was  taken  with  a  thermometer.  The 
relation  between  the  electromotive  force  of  the  thermo-couple  and  the 
temperature  difference  varies  slightly  with  the  temperature  of  the  cold 
junction,  and  this  was  allowed  for. 

Several  attempts  have  been  made  by  various  experimenters  to 
measure  the  cyclical  fluctuations  of  the  temperature  of  the  cylinder  wall 
of  a  steam  engine.  The  late  Mr.  Bryan  Donkin  l  first  attempted  this 
by  using  delicate  mercury  thermometers,  but  the  results  were  not  satis- 
factory for  the  reasons  mentioned  on  p.  73. 

Messrs.  Callendar  and  Nicolson2  appear  to  have  been  the  first 
experimenters  to  use  the  thermo-junction  successfully  to  measure  the 
temperature  of  the  cylinder  wall  of  a  steam  engine.  They  used  the 
cast  iron  of  a  specially  cast  cylinder  cover  as  one  portion  of  the  thermo- 
junction.  Several  small  holes  were  carefully  drilled  into  the  cylinder 
cover  to  within  various  distances  from  the  inner  surface,  the  deepest  being 
drilled  to  within  y~j  in.  from  the  inner  surface.  The  thermo-junctions 
were  then  formed  by  pressing  the  end  of  a  thin  wrought-iron  rod  against 
the  cast  iron  in  each  hole,  and  leads  were  connected  from  the  cylinder 
cover  and  from  the  rods  to  a  special  mercury  switch.  The  cold  end  of 
the  junctions  was  made  in  a  cast-iron  block  which  was  cast  from  the 
same  ladle  as  the  cylinder  cover,  and  was  kept  at  a  uniform  temperature. 
By  using  a  galvanometer  and  a  special  commutator  driven  from  the  engine, 
they  were  able  to  ascertain  the  electromotive  force,  and  therefore  the 
corresponding  temperature,  at  any  of  the  thermo-junctions  and  at  any 
portion  of  the  cycle,  from  which  they  deduced  the  cyclical  temperature 
fluctuations  at  the  inner  surface.3  They  found  this  surface  fluctuation 
of  the  metal  temperature  was  small  when  compared  to  the  temperature 
fluctuation  of  the  steam  in  the  cylinder. 

Using  a  similar  arrangement,  Professor  Coker 4  has  determined  the 
cyclical  fluctuations  of  the  wall  temperature  of  a  12  B.H.P.  gas  engine. 
He  found  that  in  this  instance  the  maximum  cyclical  surface 
temperature  was  only  about  7°  F.  from  the  mean,  and  that  the  mean 
wall  temperature  rarely  exceeds  about  460°  F. 

On  the  assumption  that  the  cyclical  surface  variation  from  the  mean 
temperature  of  a  cylinder  wall  of  ordinary  dimensions  can  be  expressed 
by  the  harmonic  law,  0l  sin  2-rrnt,  the  instantaneous  temperature  at  any 
point  of  the  metal  can  be  calculated  by  the  following  formula,  provided 
that  the  cylinder  is  well  covered  and  not  jacketed  :— 

0  =  Oit-ax  sin  (2irnt  —  ax)  5 

1  Proc.  Inst.  Civil  Eng.t  vol.  cxv.,  1893-94,  Part  *• 

2  Ibid,,  vol.  cxxxi.,  1897-98,  part  i. 

3  To  measure  all  the  temperatures  throughout  a  cycle  took  some  time,  and  thus 
any  changes  of  the  mean  temperatures  of  the  wall  affected  the  results.     The  experi- 
menters improved  on  the  above  arrangement  by  transferring  the  cold  junctions  to 
points  of  mean  temperature  in  the  cylinder  cover.     The  instruments  then  recorded 
temperatures  above  or  below  the  means  whatever  the  mean  temperatures  might  be. 

4  British  Association,  Section  G,  Dublin,  1908  ;  ibid.,  Sheffield,  1910. 

5  For  proof  see  Perry,  "  Steam  Engine,"  p.  381.     1904  edition. 
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where  6  =  temperature  at  depth  x,  reckoned  from  the  mean  tempera- 

ture. 
0t  =  temperature   amplitude    at   surface   (J   total   fluctuation    at 

surface). 

n  =  number  of  cycles  per  second. 
/  =  time  in  seconds. 
x  =  distance  from  surface  of  metal. 


/ 

~V 


Trnps 


p  =  density  of  metal. 
s  =  specific  heat  of  metal. 
k  =  conductivity  of  metal. 
e  =  27183. 

Messrs.  Callendar  and  Nicolson  also  succeeded  in  measuring  the 
actual  temperatures  of  the  steam  inside  the  cylinder  by  using  a 
platinum  resistance  thermometer  attached  to  the  engine  piston. 

Several  experimenters  have  attempted  to  measure  the  actual  gas 
temperatures  in  a  gas  engine  cylinder  throughout  the  cycle  by  using 
a  platinum  resistance  thermometer  or  a  thermo-junction,  but  the  high 
temperatures  attained  at  the  end  of  the  explosion  period  on  the  Otto 
cycle  is  liable  to  fuse  the  metal  wire  of  the  thermometer.  Messrs. 
Callendar  and  Dalby  l  were  successful  in  using  a  platinum  resistance 
thermometer,  using  wire  0*001  in.  diameter,  with  special  arrangements 
to  obviate  the  fusing  of  the  platinum.  The  thermometer  was  attached 
to  a  special  valve,  which  was  opened  at  the  desired  period  by  a  special 
cam  on  the  side  shaft,  and  thus  the  high  temperature  gases  were  kept 
out  of  contact  with  the  platinum  wire.  In  these  experiments  the 
gas  temperatures  during  suction  and  during  part  of  the  compression 
stroke  were  measured,  and  the  temperatures  during  the  expansion  were 

PV 
determined  by  using  the  gas  formula  —  =  constant,  allowing  for  the 

shrinkage  of  volume  due  to  chemical  combination.  Indicator 
diagrams  were  obtained  for  this  purpose  by  means  of  a  manograph 
indicator  similar  to  that  illustrated  in  Fig.  39,  p.  51. 

Aqueous  Vapour  in  the  Atmosphere.  —  The  pressure  exerted  by  a 
mixture  of  gases,  or  by  a  mixture  of  gas  and  vapour,  is  equal  to  the 
sum  of  the  pressures  which  would  be  exerted  by  each  constituent  gas 
or  vapour,  supposing  each  separately  to  occupy  the  same  volume  as 
the  mixture.  It  is  perhaps  necessary  to  mention  that  this  would  not 
hold  for  a  mixture  of  gases  or  vapours  which  are  not  in  equilibrium. 
The  ordinary  condition  of  the  atmosphere  is  a  particular  example. 
The  atmosphere  always  contains  more  or  less  aqueous  vapour,  and 
the  atmosphere  pressure  is  the  sum  of  the  air  pressure  and  the  vapour 
pressure  reckoned  as  if  both  acted  independently.  A  gas  like  air, 
however,  is  not  capable  of  taking  up  unlimited  quantities  of  a  vapour  ; 
that  is,  air  can  be  saturated  with  water-vapour  at  any  particular  tem- 
perature and  the  higher  the  temperature  the  greater  is  the  amount 
1  Proc.  Royal  Society  )  November  7,  1907. 
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of  vapour  required  to  saturate  a  given  volume  of  air;  but  under  normal 
circumstances  the  quantity  of  aqueous  vapour  actually  present  in  the 
atmosphere  is  generally  less  than  that  required  for  saturation.  If  air 
which  is  not  saturated  with  water-vapour  is  cooled  down,  some 
temperature  is  reached  at  which  the  quantity  of  vapour  present  is 
sufficient  to  saturate  the  air,  which  temperature  is  termed  the  dew- 
point.  Observations  on  the  dew-point  can  be  used  to  determine  the 
amount  of  water-vapour  present  in  any  particular  part  of  the  atmosphere, 
and  instruments  for  observing  the  dew-point 
have  been  designed  and  are  generally  termed 
"hygrometers." 

It  is  outside  the  scope  of  this  book  to 
discuss  the  various  types  of  hygrometers 
which  are  used;  for  this  purpose  reference 
should  be  made  to  any  standard  text-book 
on  the  properties  of  gases  and  vapours ;  but 
there  is  one  type  which  is  so  generally 
employed  for  ordinary  purposes  as  to  merit 
a  description.  This  is  the  wet  and  dry  bulb 
hygrometer,  one  form  of  which  is  represented 
in  Fig.  66.  It  consists  of  two  thermometers, 
fixed  side  by  side  with  appropriate  scales  of 
temperature.  One  of  these,  the  left-hand 
thermometer  in  the  figure,  is  exposed  to  the 
atmosphere  in  the  ordinary  way ;  the  other 
is  covered  with  a  muslin  cloth  which  is 
connected  to  a  small  water-vessel  by  means 
of  a  suitable  wick.  The  result  is  that  the 
muslin  cloth  becomes  saturated  with  mois- 
ture, which  evaporates  at  a  rate  depending 
upon  the  difference  between  the  atmospheric 
temperature  and  the  dew-point,  and  thus 
cools  the  right-hand  or  wet  thermometer, 
but  before  a  reading  is  taken  the  instrument 
should  be  moved  through  the  atmosphere. 

To  obtain  the  dew-point  temperature  by  this  hygrometer,  the  difference 
of  temperature  between  the  wet  and  dry  bulb  thermometers  requires  to 
be  multiplied  by  Glaisher's  factor  (Table,  p.  382),  and  then  deducted 
from  the  temperature  of  the  dry  thermometer.  An  example  of  this 
method  is  given  on  p.  268,  together  with  the  method  of  calculating  the 
vapour-pressure  and  the  quantity  of  vapour  present  in  the  atmosphere., 


FIG.  66.— Wet  and  dry  bulb 
hygrometer. 
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MEASUREMENT  OF  BRAKE   HORSE-POWER 

BRAKES  AND  DYNAMOMETERS 

THE  brake  horse-power  of  an  engine  refers  to  the  power  obtained  from 
the  engine  crank-shaft.  The  method  to  be  adopted  for  measuring 
brake  horse-power  depends  upon  the  conditions  and  dimensions  of  the 
engine.  A  rough  approximation  can  be  obtained,  as  mentioned  on 
p.  33,  by  indicating  the  engine  at  no  load  and  assuming  that  this  no 
load  indicated  horse-power  represents  the  frictional  loss  of  power 
between  the  piston  and  the  crank-shaft  at  all  loads ;  but  this  method 
does  not  give  a  correct  value,  because  the  frictional  loss  of  power 
increases  somewhat  with  increase  of  load,  more  especially  in  small  or 
in  badly  designed  engines. 

The  brake  horse-power  of  an  engine  can  be  directly  measured  by 
using  some  convenient  form  of  what  are  termed  "  dynamometers,"  of 
which  there  are  two  principal  types,  viz.  "  absorption  dynamometers," 
where  the  work  or  power  developed  is  absorbed  in  the  dynamometer, 
and  which  are  generally  named  "  brakes  ; "  and  "  transmission  dynamo- 
meters," where  little  or  none  of  the  measured  work  is  absorbed  but  is 
transmitted  by  the  dynamometer. 

The  Rope  Brake. — For  the  purpose  of  demonstration,  suppose  the 
crank-shaft  has  two  drums,  of  radii  RI  and  R2,  round  which  ropes  are 
wrapped  as  represented  in  Fig.  67.  Suppose 
weights  W  and  w  are  attached  to  the  ends  of 
the  ropes  so  that  W  ascends  and  w  descends 
at  a  uniform  speed,  and  consider  the  work 
done  in  one  revolution  of  the  crank-shaft. 
Since  the  distance  moved  by  W  is  27rRj  and 
by  w  is  27rR2,  the  work  done  on  W  is  W  x 
27^!,  and  the  work  done  by  w  is  w  x  27rR2. 
Therefore  the  net  work  done  by  the  engine 
in  one  revolution  is  2?r(W  x  R!  —  w  X  R2), 
that  is,  27r  x  (net  moment  about  centre).  If 

FIG.  67.— Principle  of  rope    forces  are  measured  in  pounds  and  distances 
in   feet,    and    if    N    is    the    revolutions   per 
minute,  the  work  done  per  minute  becomes 
27r  X  (net  moment)  x  N  .  ft.-lbs.,  from  which  it  follows  that — • 

/T)  TT  2?r  X  (net  moment  Ibs.  and  feet)  x  N 

Brake  horse-power  (B.H.P.)  =  - 

33,000 


brake. 
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If  no  motion  took  place  and  the  weights  were  simply  suspended  in 
the  position  shown  in  the  figure,  it  is  evident  that  the  net  moment 
about  the  centre  would  be  the  same  as  when  uniform  motion  occurred, 
so  that  for  practical  testing  purposes  it  becomes  convenient  to  arrange 
that  slippage  shall  occur  between  the  rope  and  the  pulleys,  the  frictional 
resistance  maintaining  the  loads  in  a  stationary  position  as  the  engine 
rotates.  This  is  the  principle  of  the  rope  brake,  the  actual  detail 
arrangement  being  as  shown  in  Figs.  68  and  69.  A  cotton  rope 
which  has  been  steeped  in  a  mixture  of  melted  tallow  and  blacklead, 
\  or  f  in.  diameter  for  small  engines,  and  about  f  or  i  in.  diameter 
for  engines  of  50  or  60  brake  horse-power,  is  placed  round  the  brake 
wheel,  preferably  double  so  as  to  form  a  loop  for  the  hanger  supporting 
the  weights  VV.  Owing  to  the  difficulty  of  manipulating  two  weights,  the 
load  w  is  most  conveniently  obtained  by  a  spring  balance  Si  at  one- 


FiG.  68. — Common  arrangement  of  rope  brake. 


FIG.  69. — Water-cooling 
arrangement  for  brake  wheel. 


half  turn,  or  at  S2  for  a  full  turn  round  the  wheel.  To  adjust  the 
height  of  the  weight  W  the  spring  balance  S2  could  be  attached  to  a 
\  in.  rope  which  passes  round  a  light  pulley  overhead.  By  the 
adjustment  of  this  rope  at  the  commencement  of  a  test  the  weight  W 
would  be  gently  raised  from  the  floor  until  it  became  suspended  at  a 
convenient  position,  and  to  prevent  any  accident  due  to  a  sudden 
lurch  or  seizing  of  the  rope  on  the  wheel,  it  is  advisable  to  provide  a 
suitable  anchoring  rope  or  chain  securely  attached  to  the  weight 
hanger  and  to  a  hook  in  the  floor,  but  which  remains  quite  slack  during 
the  normal  working  of  the  brake.  A  convenient  means  for  retaining 
the  rope  in  a  proper  position  on  the  brake  wheel  is  to  attach  a  few 
wooden  blocks  B  to  the  rope  by  means  of  string  or  copper  wire  passed 
through  a  strand  of  the  rope  and  through  the  back  of  the  wood  blocks. 
Care  should  be  taken  to  include  the  weight  of  the  hanging  part  of  the 
rope  and  the  weight  of  the  anchor  chain  when  estimating  the  magnitude 
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of  the  load  W.  Similarly,  the  weight  of  rope  between  the  spring 
balance  S2  and  the  point  where  the  rope  touches  the  wheel  should  be 
deducted  from  the  spring  balance  reading  in  estimating  w,  besides 
which  the  accuracy  of  the  spring  balance  should  be  tested.  For  light 
loads  it  might  be  advantageous  to  use  the  half-turn  rope  brake  and  the 
spring  balance  S^  In  this  case  it  might  happen  that  the  load  w  on 
this  end  includes  the  weight  of  the  spring  balance  and  the  hanging 
portion  of  the  rope  as  well  as  the  balance  reading.  The  crank-shaft 
of  a  reciprocating  engine  is  subject  to  cyclical  changes  of  speed  and 
under  some  circumstances  this  may  induce  serious  impulsive  oscillations 
in  the  brake,  but  such  oscillations  can  be  checked  by  imposing  a  com- 
paratively slight  frictional  resistance  at  the  light  end  of  the  rope  Sx  or  S2. 
Instead  of  using  weights  at  the  heavy  end  of  the  rope  a  stiff  spring 
balance  is  sometimes  convenient,  arranged  at  any  suitable  angle  and 
position,  especially  when  there  happens  to  be  very  little  room  to 
accommodate  the  weights  between  the  brake  wheel  and  the  floor. 

Another  arrangement  of  the  rope  or  belt  brake  suitable  for  small 
high-speed  brake  wheels  is  represented  in  Fig.  70.  It  is  also  con- 
venient for  slow  speeds  when  the  cyclical 
torque  and  speed  are  practically  uniform,  but 
if  not  uniform  the  brake  may  have  a  decided 
tendency  to  oscillate  at  slow  and  moderate 
speeds.  Two  pulleys  are  used,  A,  a  fast 
pulley,  and  B,  a  loose  pulley  on  the  shaft. 
A  piece  of  small-diameter  rope  or  cotton 
webbing  is  placed  on  the  loose  pulley  B,  and 
has  the  weight  W  attached,  whilst  the  other 
end  is  fixed  to  the  clip  C.  A  similar  piece 
of  light  rope  or  webbing  is  passed  part  way 
round  the  fast  pulley  A,  being  also  attached 
to  the  clip  C  and  supporting  the  weight  w. 
An  equivalent  arrangement  to  the  clip  C  with 
the  two  ropes  attached  is  shown  in  the  left- 
hand  portion  of  the  figure  having  a  projecting 
rim  on  the  loose  pulley  B,  with  a  hole  in  the  rim  through  which  the  web- 
bing or  rope  is  passed  on  to  the  fast  pulley  A.  The  particular  advantage 
of  these  arrangements  for  small  powers  is  the  automatic  manner  in 
which  it  maintains  a  nearly  constant  torque  even  though  the  frictional 
resistance  between  the  rope  and  the  pulley  may  vary.  For  instance, 
should  the  frictional  resistance  decrease,  the  load  W  would  have  a 
tendency  to  move  downwards  and  w  upwards,  but  any  such  movement 
would  result  in  an  increase  in  the  angle  of  lap  round  the  fast  pulley  A, 
and  this  would  automatically  restore  the  balance. 

If  a  cotton  brake  rope  is  allowed  to  absorb  moisture,  or  works  in  a 
position  where  it  is  allowed  to  get  damp,  this  sometimes  has  a  tendency 
to  cause  erratic  frictional  resistance  until  the  moisture  happens  to  be 
evaporated  by  the  heating  of  the  brake  during  work.  For  this  reason 
it  is  always  preferable  to  steep  the  rope  in  a  mixture  of  boiling  tallow 
and  blacklead  or  graphite  before  the  brake  is  constructed.  The 
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FlG.  70. — Arrangement  of 
small  rope  or  web  brake  for 
high  speeds. 


n 


MEASUREMENT  OF  BRAKE   HORSE-POWER          8 1 

grease  absorbed  would  exclude  moisture,  and  would  also  lubricate  and 
thus  prevent  undue  wear  and  charring  of  the  rope. 

For  tests  of  comparatively  short  duration  it  is  a  common  practice  to 
place  the  rope  brake  round  the  circumference  of  the  fly-wheel  if  the 
surface  is  smooth,  but  if  a  test  is  to  be  of  several  hours'  duration  such  a 
course  may  be  dangerous,  owing  to  the  heat  which  is  developed  raising 
the  temperature  of  the  rim  and  causing  expansion  without  a  correspond- 
ing expansion  of  the  arms  and  boss.  A  water-cooled  brake  wheel  is 
an  advantage  under  such  conditions,  the  rim  of  the  wheel  being  cast  of 
channel  section  as  shown  in  Figs.  69  and  71.  If  water  is  poured  into 
the  rim  during  the  rotation  of  the  wheel  it  spreads  out  over  the  inner 
circumferential  surface,  and  tends  to  limit  the  temperature  of  the  metal. 
Moderate-sized  wheels  would  be  cast  with  arms  and  with 
a  central  rib  in  the  channel,  and  to  allow  the  water  to  get 
from  one  side  to  the  other,  the  rib  could  be  cut  away  at  a 
few  places.  Small  brake  wheels  up  to  3  or  4  ft.  diameter 
could  be  cast  solid,  as  shown  in  Fig.  71. 

Fig.  68  shows  an  arrangement  for  supplying  a  con- 
tinuous flow  of  cooling  water  to  the  brake  rim.     The  cold 
water  is  led  into  the  rim  in  a  continuous  stream,  a  con- 
tinuous trickle  for  small  brakes  being  often  sufficient  for 
the  purpose  in  view.     A  pick-up  pipe  arranged  as  shown 
in  the  sketch  would  catch  the  heated  water  if  the  end  of      Section*  of 
the  pipe  were  cut  so  as  to  lie  nearly  parallel  to  the  rim      small  brake 
and  about  \  or  —  in.  clear,  but  it  is  advisable  to  arrange      wheel, 
the  lower  end  of  the  mouth  slightly  closer  to  the  rim  than 
the  upper  end,  or  the  upper  end  will  have  a  tendency  to  split  the 
water   and  cause  a  certain  amount  of  splashing.      A  special  sharp- 
edged  brass  scoop  might  be  used  at  the  end  of  the  pick-up  pipe, 
but  such  elaboration  is  hardly  necessary  for  ordinary  purposes.      In 
small  brake  wheels  it  is  often  quite  sufficient  if  a  little  water  is  poured 
into  the  rim  periodically  during  a  test  and  allowed  to  evaporate,  but 
if  allowed  to  run  dry  and  the  rim  happened  to  get  very  hot,  a  sudden 
introduction  of  cold  water  might  induce  a  sudden  contraction  in  the 
rim  and   this    might  result  in  a  cracked  rim,  even  if  nothing  more 
serious  happened.     Some  few  minutes  previous  to  the  stopping  of  an 
engine  working  with  a  water-cooled  brake  wheel,  the  water  might  be 
shut  off  and  that  in  the  wheel  allowed  to  evaporate,  otherwise  when  the 
engine  stopped  the  water  in  the  brake  rim  would  be  likely  to  splash 
about  and  wet  everything  in  the  neighbourhood  of  the  wheel. 
If  W  =  pounds  weight  at  heavy  end  of  rope, 
«'  =      „          ,,          „  light       „ 
R  =  radius  of  brake  wheel  to  centre  of  rope,  feet, 
N  =  revolutions  per  minute, 

then  B.H.P.  =    <W  ~  *)"RN 

33,000 

The  Prony  Brake. — This  is  a  serviceable  type  of  brake  for  com- 
paratively small  powers  when  the  shaft  runs  at  a  high  speed  and  where 
extreme  accuracy  is  not  essential,  but  it  is  not  adapted  for  ordinary 
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slow-speed  engines  whether  of  small  or  moderate  dimensions.  It 
consists  of  two  blocks  of  wood,  A  and  B,  Fig.  72,  shaped  so  as  to  fit 
the  brake  wheel,  which  wheel  may  be  i  or  2  ft.  in  diameter  accord- 
ing to  the  power  developed.  Two  tightening  bolts  cause  the  blocks  to 
exert  a  pressure  on  the  wheel,  and  the  moment  of  the  frictional  resistance 
thereby  created  is  opposed  by  the  moment  of  the  load  applied  to  the 


FIG.  72. — Prony  form  of  brake. 

brake.  It  is  generally  convenient  to  use  a  spring  balance  arranged  as 
shown,  but  a  hanger  with  weights  could  be  used  instead,  although  not 
so  convenient  as  the  spring  balance.  If  the  brake  were  not  made 
symmetrical  on  the  two  sides  of  the  centre  line  the  unbalanced  portion 
would  act  as  a  load  w  at  its  centre  of  gravity,  distance  r  from  the 
centre.  To  ensure  smooth  and  uniform  working  of  the  brake  soapy 
water  could  be  used  to  act  as  a  lubricant.  The  water  can  be  supplied 
to  the  brake  by  a  flexible  tube  T,  as  shown  in  the  sketch ;  but  if  the 
brake  wheel  is  an  ordinary  belt  pulley  and  has  no  water-cooled  channel- 
section  rim,  the  soapy  water  should  be  supplied  in  fairly  large  quantities 
so  as  to  absorb  the  heat  developed  and  thus  prevent  charring  of  the 
blocks.  It  should  be  noted  that  in  the  arrangement  shown  the  brake 
is  likely  to  be  fairly  stable — that  is,  if  it  were  supposed  that  the  frictional 
resistance  increased  slightly,  not  only  would  the  load  at  the  spring 
balance  increase,  but  the  distance  arm  R  would  also  increase  slightly. 
This  is  a  matter  of  some  importance  should  weights  be  used  instead  of 
a  spring  balance. 

If  W  =  pounds  load  on  the  brake  arm  ; 

R  =  perpendicular  distance  from  shaft  centre  at  which  this  load 
acts,  feet ; 

w  =  pounds  weight  of  unbalanced  portion  of  brake ; 

r  —  perpendicular  distance  of  centre  of  gravity  of  unbalanced 
arm  from  centre  of  shaft,  feet ; 

N  =  revolutions  per  minute ; 
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then  the  moment  acting  on  the  brake  is  (W  x  R  +  w  X  r)  Ibs.  and 
feet,  and  thus — 


•RHP  _ 
xJ.-tl.Jr.  = 

33,000 


Band  Brakes.  —  One  form  of  band  brake  which  is  similar  in  action 
to  the  Prony  brake  is  illustrated  in  Fig.  73.  A  thin  steel  band  S  sur- 
rounds the  brake  wheel  B,  and  the  two  ends  are  connected  by  one  or 
two  tightening  bolts  T.  Blocks  of  wood,  leather,  or  cotton  belting  are 
bolted  to  the  band  as  shown,  and  the  pressure  between  the  blocks  and 
the  wheel  creates  the  frictional  resistance.  A  certain  amount  of 
lubrication  is  necessary,  either  in  the  form  of  soapy  water  or  the 
periodical  application  of  grease  mixed  with  blacklead.  Forgings  F  F 
are  bolted  to  the  steel  band  and  contain  pins  to  support  the  steel  rods 
K  K,  the  rods  being  connected  together  at  the  pin  P.  A  convenient 
means  of  measuring  the  load  at  P  is  to  allow  the  load  to  come  on  to 


FlG.  73.  —  Band  brake  with  load  taken  on  platform  of  weighing  machine. 

the  platform  of  a  weighing  machine,  when  the  reading  of  the  machine 
gives  the  load.  This  arrangement  can  be  made  to  work  well  when 
the  speed  and  turning  moment  on  the  shaft  are  practically  uniform, 
but  with  reciprocating  engines  the  cyclical  variations  of  speed  tend  to  set 
up  oscillations  in  the  brake  and  these  are  transmitted  to  the  weighing 
machine,  with  the  result  that  the  exact  reading  of  the  machine  is  often 
difficult  to  obtain.  The  calculation  of  the  brake  horse-power  is  similar 
to  that  given  for  the  Prony  brake,  and  a  deduction  allowance  has  to  be 
made  for  the  unbalanced  arms,  that  is,  some  of  the  load  on  the  weighing 
machine  is  due  to  the  weight  of  the  unbalanced  arms.  Taking  the 
same  symbols  as  before  — 

(W  X  R  -  ^  X  r)  X  27rN 


B.H  P  = 


33,000 


Appold's  Compensating  Band  Brake.  —  The  ordinary  arrangement 
of  this  brake  is  shown  in  Fig.  74.  Two  steel  bands  are  connected 
together  by  the  right  and  left  hand  screw  N  and  by  the  link  EC  and 
lever  HB.  Wood  blocks  are  generally  bolted  to  the  steel  bands  as 
shown,  but  pieces  of  leather  or  cotton  belting  can  be  used  instead  if 
treated  occasionally  with  mixed  grease  and  graphite,  and  these  often 
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give  a  more  uniform  frictional  resistance  than  the  wood  blocks,  even 
though  the  latter  are  kept  well  greased.  The  load  W  is  supported 
from  the  pin  A,  and  for  safety  should  be  provided  with  some  anchor 
arrangement.  The  arm  or  lever  HB  is  connected  to  the  lower  band 


N 


FIG.  74.  —  Appold  form  of  band  brake. 

at  the  pin  B  and  through  the  link  EC  to  the  upper  band,  being  provided 
with  the  hanger  and  small  adjustable  load  or  spring  balance  m.  It  is 
evident  that  the  magnitude  of  m  determines  the  tension  in  the  band 
and  therefore  the  frictional  resistance  between  the  blocks  and  the 
wheel,  so  that  for  any  load  W  the  brake  can  be  brought  into  working 
position  by  increasing  the  load  m  until  the  brake  floats  with  the  lever 
HB  about  midway  between  the  two  stops  D  D.  Should  the  frictional 
resistance  afterwards  decrease  slightly,  the  load  W  would  tend  to  fall 
and  the  lever  HB  would  thus  be  carried  upwards  until  it  momentarily 
touched  the  upper  stop.  The  act  of  touching  the  stop  would  slightly 
tighten  the  bands  and  thus  increase  the  frictional  resistance,  and  the 
lever  would  then  probably  leave  the  stop,  immediately  returning  towards 
the  upper  stop  again  unless  the  frictional  resistance  had  altered  in  the 
meantime  or  had  been  increased  by  increasing  the  load  m.  If  the 
frictional  resistance  had  happened  to  increase  after  equilibrium  had 
once  been  obtained,  the  lever  HB  might  touch  the  lower  stop 
momentarily,  which  would  naturally  relieve  the  tension  of  the  band 
during  the  instant  of  contact  with  the  stop. 

If  w  =  pounds  weight  of  unbalanced  arm  HB, 

r  =  distance  from  centre  of  shaft  to  centre  of  gravity  of  HB,  feet, 

then,  using  feet  and  pound  units  — 
xi.ri.r  . 


33,000 

A  modification  of  the  Appold  type  of  band  brake  is  illustrated  in 
Fig-  75-     This  was  used  by  Professor  J.  T.  Nicolson  to  test  a  Crossley 
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gas  engine  up  to  600  brake  horse-power,1  and  it  will  be  noticed  that 
the  principal  difference  from  that  previously  described  is  in  the  intro- 
duction of  the  arms  BD  and  CD,  the  purpose  of  which  is  to  reduce  the 
magnitude  of  the  weight  by  increasing  the  radius  of  application,  and  to 
provide  sufficient  room  for  the  weights  without  having  to  use  a  large  pit. 
The  details  of  the  construction  are  mostly  self-explanatory,  though  one 
matter  of  special  interest  is  the  bolting  of  the  solid  water-cooled  brake 
rim  on  to  the  flywheel.  The  brake  straps  are  lined  with  elm  blocks 
bolted  to  them,  and  to  enable  the  brake  to  absorb  600  B.H.P.  for 
runs  of  two  or  three  hours'  duration,  it  was  found  necessary  to  drill 
about  thirty  ~  in.  holes  through  the  brake  rim  so  as  to  keep  the 
wood  blocks  saturated  with  water.  Dirty  waste  oil  was  also  used  to 
lubricate  the  blocks.  It  is  generally  found  that  wooden  brake  blocks 
require  lubricating  either  in  the' above  manner  or  with  solid  grease,  and 
it  is  convenient  to  provide  a  lubricating  pocket  as  shown  in  the  figure. 
The  lubricating  oil  or  grease  sometimes  requires  to  be  supplied  in  large 
quantities  to  ensure  the  smooth  working  of  the  wooden  blocks  on  the 
wheel  rim,  and  in  such  cases  there  is  a  disagreeable  tendency  to  throw 
the  dirty  lubricant  from  the  surface  of  the  wheel  during  the  running  of 
the  test. 

Another  modification  of  the  band  brake,  for  which  Professor 
A.  L.  Mellanby  and  the  author  are  responsible,  is  shown  in  Fig.  76. 
The  brake  is  built  symmetrically  on  the  two  sides  of  the  crank  shaft,  and 
as  it  can  be  arranged  to  take  half  the  load  on  each  side,  the  brake 
loads  can  be  made  to  give  a  perfect  torque  without  increasing  the  dead 
weight  on  the  crank  shaft  due  to  brake  loads.  The  two  steel  bands 
S  S  are  ^  in.  thick,  faced  with  pieces  of  cotton  belting,  and  are  connected 
together  by  two  tightening  bolts  on  the  right-hand  side  and  by  a  set  of 
special  toggle  links  on  the  left-hand  side.  The  tightening  bolts  are 
used  to  get  the  brake  under  load,  and  the  minor  adjustments  which  are 
•  required  during  the  running  of  a  test — always  occasioned  by  slight 
variations  of  steam  pressure,  etc. — are  obtained  by  turning  the  small 
hand  wheel,  which  places  the  toggle  links  nearer  together  or  further 
apart  according  to  the  direction  in  which  the  wheel  is  turned,  and 
thus  slackens  or  tightens  the  band  accordingly.  The  water-cooled  rim 
is  cast  as  a  solid  channel  section  and  is  bolted  to  the  engine 
flywheel. 

Band  brakes  have  been  constructed  with  a  water-jacketed  steel 
band  so  as  to  be  able  to  dispense  with  a  water-cooled  brake  rim. 
Wood  blocks  are  usually  bolted  to  the  rim  of  the  brake  wheel,  and  the 
heat  is  absorbed  by  the  cooling  water  which  passes  through  the  jacket 
of  the  brake  band,  flexible  water-connections  being  used.  Another 
modification  is  to  place  copper  wire  network  over  the  outer  surface 
of  the  band,  and  to  provide  a  continuous  stream  of  cooling  water  over 
the  outer  surface  of  the  network.  Although  such  arrangements  may 
have  been  made  to  work  satisfactorily,  it  is  usually  advisable  to  avoid 
the  use  of  wooden  blocks  unless  a  copious  lubrication  is  possible,  since 
otherwise  the  frictional  resistance  between  the  metal  and  the  wood 
1  Proc.  Inst.  Mech.  Eng.>  March-May,  1908. 
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sometimes  has  an  erratic  tendency,  thus  affecting  the  accuracy  and 
reliability  of  the  results. 

With  most  types  of  band  brakes  it  is  evident  that  some  of  the 


frictional  resistance  is  due  to  the  weight  of  the  brake  on  the  wheel, 
quite  independent  of  the  tension  of  the  bands,  and  it  is  sometimes 
found  to  be  necessary  to  relieve  some  of  the  brake  weight  from  the 
wheel  to  make  light  load  tests.  This  can  usually  be  done  by  suspending 


88         THE    TESTING   OF  MOTIVE-POWER  ENGINES 

the  brake  by  means  of  a  rope  attached  to  the  brake  vertically  over  the 
centre  of  the  crank  shaft. 

Brake  Wheel  Rim  Area. — When  a  water-cooled  brake  wheel  has 
to  be  designed,  a  sufficient  area  for  the  water  cooling  should  be  pro- 
vided or  some  difficulty  might  be  experienced  in  getting  the  brake  to 
run  steadily  for  any  great  length  of  time  when  working  under  maximum 
load  conditions.  A  width  of  rim  of  from  4  to  6  ins.  is  generally 
quite  sufficient  for  ordinary  brake  rims  up  to  6  or  7  ft.  diameter 
running  at  ordinary  engine  speeds,  but  for  large  powers  with  brakes 
such  as  have  been  described  in  Figs.  75  and  76,  at  least  i  sq.  ft.  of 
water-cooled  area  should  be  provided  for  every  10  to  14  brake  horse- 
power to  be  absorbed,  and  provision  should  also  be  made  for  a  copious 
supply  of  cooling  water. 

Fan  Brake. — Messrs.  W.  G.  Walker  &  Co.,  Westminster,  have 
introduced  a  fan  brake  which  is  suitable  for  the  approximate  measure- 
ment of  shaft  horse-powers  at  high  speeds.  Fig.  77  illustrates  the 
construction  of  this  brake,  from  which  it  will  be  seen  that  the  fan  plates 
can  be  adjusted  to  several  positions  on  the  arms  according  to  the 
power  to  be  absorbed.  The  brake  is  simply  clipped  to  the  shaft,  and 
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FIG.  77. — Walker's  fan  brake. 


the  power  is  absorbed  by  the  fan  action  of  the  plates  on  the  surround- 
ing air,  which  depends  upon  the  size  and  position  of  the  plates  on  the 
arms  and  upon  the  cube  of  the  number  of  revolutions  per  minute.  The 
brakes  are  supplied  in  four  sizes  capable  of  absorbing  maximum  brake 
horse-powers  of  150,  60,  30,  and  6,  and  can  be  run  up  to  a  maximum 
speed  of  2000  revolutions  per.  minute  for  the  largest  size,  and  up  to 
3000  revolutions  per  minute  on  the  smallest.  A  table  of  constants  is 
supplied  with  each  brake,  from  which  the  brake  horse-power  is  easily 
obtained  by  multiplying  the  appropriate  constant  by  the  cube  of  the 
revolutions  per  minute. 

Eddy  Current  Brakes. — This  type  of  brake  is  suitable  for  small 
and  moderate  powers  at  high  speeds,  and  is  usually  built  with  a  number 
of  electro-magnets  and  one  or  more  copper  discs,  either  the  coils  or 
the  copper  discs  being  rotated  with  the  shaft  and  the  other  held 
stationary  by  an  applied  moment  on  the  suspending  cradle.  When  the 
shaft  revolves  with  the  electro-magnets  excited,  a  resistance  is  offered 
due  to  the  generation  of  eddy  currents  in  the  copper  discs,  the  moment 
of  resistance  being  measured  in  much  the  same  manner  as  on  the 
Reynolds-Froude  brake  (Fig.  79,  p.  92).  The  dissipation  of  the  eddy 
currents  in  the  copper  discs  generates  an  equivalent  amount  of  heat, 
which  is  got  rid  of  either  by  the  induced  currents  of  air  or  by  special 
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water-cooling  arrangements.  For  more  complete  information  regarding 
the  design  and  application  of  this  type  of  "brake,  reference  should  be 
made  to  a  paper  by  Morris  and  Lister  on  "  Eddy  Current  Brakes  for 
Testing  Motors,"  Journal  of  Inst.  of  Electrical  Engineers ',  vol.  35, 
1904-5. 

Fluid  Friction  Brakes.— For  the  absorption  of  small  and  moderate 
powers  at  high  speeds  of  rotation,  simple  fluid  friction  discs  can  be 
used  as  a  brake.  One  or  more  plain  discs  would  be  fixed  on  the 
shaft  and  would  be  allowed  to  rotate  in  water  inside  a  suitable  casing 
mounted  on  the  shaft,  the  water  being  allowed  to  flow  through  the 
casing  to  carry  away  the  heat  developed  by  the  frictional  work.  It 
will  be  seen  from  the  following  equation  that  when  the  brake  runs  full 
of  water,  the  torque  or  moment  varies  with  the  square  of  the  speed,  and 
thus  the  torque  can  only  be  varied  independently  of  the  speed  by 
varying  the  quantity  of  water  in  the  casing,  that  is,  by  letting  the  brake 
run  with  the  casing  partially  empty,  but  in  this  event  the  brake  has 
a  tendency  to  erratic  action.  Provided  that  no  undue  splashing  of 
water  occurs  inside  the  casing  when  the  brake  runs  part  emptied,  the 
torque  acting  on  the  casing  would  be  equal  to  that  acting  on  the 
rotating  discs,  and  this  torque  can  be  measured  in  much  the  same 
manner  as  is  described  in  the  Reynolds-Froude  brake,  Fig.  79.  To 
prevent  undue  splashing  it  is  advisable  to  introduce  a  few  radial 
baffles,  fixed  to  the  inside  of  the  casing  and  nearly  touching  both  sides 
of  each  rotating  disc.  For  a  single  disc  running  completely  drowned, 
the  moment  of  resistance  is  expressed  by — 

Moment  =  ioo./.  N2.  R5.  ft.-lbs.1 
where  N  =  revolutions  per  second ; 
R  =  radius  of  disc,  feet ; 
/=  0-002  to  0-003  for  plain  metal  discs. 

If  a  series  of  discs  were  arranged  on  the  same  shaft  and  inside  the 
same  casing,  the  above  equation  would  apply  to  each  disc  provided 
that  a  free  communication  division  wall  were  fixed  to  the  casing 
between  each  pair  of  discs.  The  fluid  frictional  resistance  varies 
slightly  with  the  temperature  of  the  water  and  the  nearness  of  the  discs 
to  the  fixed  casing,  but  these  effects  are  not  of  much  importance  from 
the  present  point  of  view. 

The  Alden  Fluid  Friction  Brake. — The  illustrations  in  Fig.  78 
show  the  particular  form  of  this  brake  which  was  used  on  the  locomo- 
tive testing  plant  installed  by  the  Pennsylvania  Railroad  Company  at  the 
Louisiana  Purchase  Exposition  in  1904  (see  Fig.  91,  p.  112).  The 
brake  is  the  invention  of  Mr.  G.  I.  Alden,  and  the  construction  and 
action  is  as  follows :  The  discs  D  are  a  part  of  the  hub,  which  is  keyed 
to  the  shaft  and  therefore  revolve  with  the  shaft.  On  each  side  of 
these  revolving  discs  are  copper  diaphragms,  C,  C,  C,  C,  which  are  fixed 
to  the  outside  stationary  casing,  and  which  are  forced  towards  the 
rotating  discs  by  the  pressure  of  water  in  the  spaces  W.  The  narrow 
spaces  between  the  discs  D  and  the  diaphragms  C  are  filled  with 

1  Professor  Unwin,  "Hydraulics." 
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lubricating  oil,  which  is  arranged  to  enter  near  the  hub  and  is  forced 
to  the  circumference  by  centrifugal  action,  where  it  escapes  and  is 
returned  to  the  hub  by  external  pipes.  An  oil  reservoir  connected  to 
each  pipe  provides  for  leakage.  The  bearing  surface  between  the  hub 
and  casing  is  lubricated  by  oil  which  leaks  past  the  packing  rings  e, 
shown  in  both  sections,  W — X  and  Y — Z.  This  oil  is  caught  by 
drip  cups  d. 

Water  under  pressure  circulates  through  the  spaces  W,  W,  W,  and 
presses  the  copper  plates  towards  the  revolving  discs,  the  resistance  to 
rotation  being  due  to  the  viscosity  of  the  lubricating  oil.  The  water 
also  carries  away  the  heat  which  is  generated  by  the  frictional  work 
done  on  the  oil. 

In  this  particular  arrangement  the  power  developed  at  the  brakes 
was  not  measured,  and  the  casing  was  simply  anchored  to  the  founda- 
tions by  the  rods  R  R.  Under  ordinary  circumstances  the  moment  on 
the  brake  can  be  measured  and  the  brake  horse-power  calculated  in  the 
same  manner  as  that  described  in  connection  with  the  Reynolds-Froude 
brake,  p.  92. 

The  Alden  type  of  brake  has  recently  been  used  for  testing  high- 
power  water-turbines  up  to  about  3000  B.H.P.  when  running  at  200 
revolutions  per  minute.1  A  series  of  discs  and  diaphragms  are  built  up 
in  connection  with  a  single  external  casing,  and  thereby  it  is  possible 
to  absorb  large  powers  with  a  brake  of  moderate  dimensions. 

Hydraulic  Brakes. — A  centrifugal  pump  is  capable  of  being  used 
as  a  brake  if  suitably  mounted.  If  the  pump  casing  is  balanced  and 
supported  on  the  pump  shaft,  and  is  prevented  from  rotating  by  the 
application  of  a  moment,  it  is  known  that  this  moment  will  be  equal  to 
the  torque  on  the  pump  shaft.  Thus  the  brake  horse-power  would  be — 

27r  x  moment,  ft.-lbs.  x  revs,  per  min. 
33,000 

Owing  to  the  lack  of  independent  control  over  the  speed  and  torque 
and  the  large  dimensions  required  for  the  absorption  of  quite  moderate 
powers,  the  centrifugal  pump  of  ordinary  design  is  not  so  effective  for 
braking  purposes  as  the  specially  constructed  Froude  type  of  hydraulic 
brake. 

Reynolds-Froude  Hydraulic  Brake. — This  type  of  brake  was  first 
introduced  by  the  late  Mr.  William  Froude,2  and  was  modified  by 
Professor  Osborne  Reynolds  in  order  to  ensure  more  reliable  operation 
under  variable  conditions.  This  brake  is  illustrated  in  Figs.  79  to  82, 
and  in  Fig.  83  (p.  385),  as  manufactured  by  Messrs.  Mather  &  Platt,  Ltd., 
of  Manchester.  It  consists  of  a  bronze  brake  wheel  or  impeller  keyed 
to  the  shaft  and  having  on  both  faces  24  buckets  or  pockets  of  nearly 
semicircular  formation,  the  plane  radial  dividing  walls  which  form  the 
buckets  being  inclined  at  45°  to  the  axis  of  the  shaft  and  raking  forwards 
in  the  direction  of  rotation.  Thus  in  the  sectional  view  Fig.  82  these 
buckets  appear  in  elevation  as  semi-ellipses.  The  casing  is  supported  on 

1  Trans.  Amer.  Soc.  Mech.  Engs.,  vol.  32,  April,  1910. 

2  British  Association,  1877. 
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the  shaft,  and  is  fitted  with  conical  bushes  so  that  wear  can  be  taken  up 


FIG.  79. — Reynolds-Froude  hydraulic  brake. 
and  undue  leakage  of  water  prevented.     Facing  the  impeller  buckets 


FIG.  80. 
are  a  similar  number  of  semicircular  buckets  formed   in  the   casing, 
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but  with  the  plane  dividing  walls  raking  in  the  opposite  direction  to 


FIG.  81. — Sectional  views  of  Reynolds-Froude  hydraulic  brake. 

that  of  rotation.  Thus  the  buckets 
in  the  impeller  and  casing  form 
nearly  closed  cyclindrical  pockets, 
with  the  plane  radial  dividing  walls 
inclined  at  45°  to  the  axis  of  the 
shaft. 

Water  under  a  head  is  led 
through  a  regulating  inlet  cock 
and  flexible  connection  to  the 
brake  casing,  and  then  passes  into 
the  internal  cavity  in  the  impeller 
through  a  duct  cut  parallel  to  the 
axis  of  the  shaft  in  the  boss  of  the 
impeller,  to  the  periphery  of  which 
cavity  the  water  is  driven  by  the 
centrifugal  action.  The  water 
passes  from  the  internal  cavity 
into  the  buckets  through  ducts  or 
holes  cut  in  the  walls  of  the 
buckets,  these  ducts  being  clearly 
indicated  in  Figs.  81,  82,  and  83 
(p.  385).  The  centrifugal  action  of 
the  impeller  sets  up  a  rotation 
of  the  water  in  the  buckets  and  thus  causes  a  vortex  motion  of  the 
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water  in  these  buckets.  The  centrifugal  pressure  on  the  cylindrical 
wall  of  each  bucket  due  to  the  vortex  motion  will  act  on  the  casing 
and  impeller  in  opposite  directions  inclined  at  45°  to  the  direction  of 
motion;  the  axial  components  of  these  forces  on  the  impeller  and 
casing  will  balance.  Besides  this  action,  the  water  which  crosses  over 
from  the  moving  to  the  stationary  buckets  in  forming  the  vortices  will 
lose  the  moment  of  momentum  about  the  axis  of  the  shaft  which  was 
given  to  it  by  the  impeller.  The  result  of  the  whole  action  is  a  moment 
acting  on  the  casing  equal  to  the  moment  or  torque  in  the  shaft,  which 
is  measured  by  the  moment  of  the  loads  acting  on  the  arm  of  the 
balanced  casing  as  shown  in  Fig.  79  and  Fig.  83,  p.  385,  and  the  brake 
horse-power  can  be  calculated  by  using  the  above  expression,  p.  91. 

When  Professor  Reynolds  began  to  experiment  with  this  type  of 
brake  he  had  some  difficulty  in  getting  reliable  action.  When  the  speed 
exceeded  a  certain  small  limit  determined  by  the  head  of  the  water 
under  which  the  brake  was  working,  the  maximum  resistance  fell  off  in 
a  very  erratic  manner,  and  he  found  that  this  was  due  to  the  buckets 
being  partially  emptied  by  the  accumulation  of  air  from  the  water. 
The  reason  for  this  was  that  in  a  vortex  the  pressure  at  the  centre  is 
less  than  that  at  the  outside;  but  as  the  pressure  at  the  outside  is 
determined  by  the  pressure  of  the  atmosphere  and  the  small  head  under 
which  the  brake  operates,  the  pressure  at  the  centre  of  the  vortex  may 
therefore  fall  below  that  of  the  atmosphere  and  thus  allow  the  air  in 
the  water  to  come  out  of  solution  and  accumulate  at  the  centre  of  the 
vortex.  Professor  Reynolds  got  over  this  difficulty  by  boring  holes 
through  the  division  walls  of  the  casing  buckets,  as  indicated  in  Fig.  82 
and  as  clearly  shown  in  Fig.  83  (p.  385),  thereby  directly  connecting  the 
centre  of  the  vortices  to  the  atmosphere,  and  thus  ensuring  that  the 
pressure  at  these  points  should  always  be  at  nearly  atmospheric  pressure. 

The  load  on  the  brake  consists  of  removable  dead  weights  applied 
at  the  end  of  the  arm,  together  with  a  movable  weight  which  can  be 
placed  at  any  point  along  the  arm,  a  scale  being  marked  on  the  arm  to 
indicate  the  position.  The  brake  can  be  made  to  act  automatically 
under  varying  conditions  by  connecting  the  casing  to  the  inlet  and 
outlet  water-cocks  as  shown  in  Fig.  79.  Should  the  speed  of  the  motor 
increase  slightly  and  cause  a  corresponding  increase  in  the  moment 
acting  on  the  impeller,  the  casing  would  move  accordingly  and  would 
thus  slightly  close  the  inlet  cock  and  open  the  outlet  cock,  automatically 
reducing  the  quantity  of  water  in  the  brake,  and  thus  tends  towards 
preserving  a  constant  moment  or  torque.  A  dashpot  attached  to  the 
brake  arm  damps  out  any  oscillations  which  may  be  set  up  in  the 
brake  by  fluctuating  speeds. 

The  illustration  in  Fig.  83  (p.  385)  gives  a  view  of  one  side  of  the 
impeller  and  the  corresponding  side  of  the  casing  removed  from  the 
shaft.  The  walls  forming  the  buckets  are  distinctly  shown,  as  well  as 
the  holes  in  the  bucket  walls  for  the  inlet  of  water  to  the  impeller 
buckets,  and  the  corresponding  holes  in  the  walls  of  the  casing  buckets 
which  connect  the  centre  of  the  vortices  to  the  atmosphere. 

The  work  done  on  the  water  in  the  brake  appears  as  heat  in  the 
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water,  the  heat  being  thus  effectively  carried  away  by  the  water.  Pro- 
fessor Reynolds  l  used  this  type  of  brake  to  determine  the  mechanical 
equivalent  of  heat  on  a  large  scale. 

As  constructed  by  Messrs.  Mather  &  Platt,  a  brake  having  an 
impeller  of  about  27  ins.  diameter  is  capable  of  absorbing  1000 
B.H.P.  at  200  revolutions  per  minute. 

In  Engineering^  December  3,  1909,  an  account  is  given  of  a  special 
hydraulic  brake  designed  to  test  a  Westinghouse  steam  turbine  at  about 
6000  B.H.P.  The  turbine  ran  at  1500  revolutions  per  minute  and  was 
geared  down  in  the  ratio  5  to  i.  The  rotor  of  the  brake  contained  10 
rows  of  blades  similar  to  the  Parson's  form  of  steam  turbine  blades,  and 
the  casing  was  fitted  with  a  corresponding  number  of  rows  of  flat  blades 
fixed  parallel  to  the  axis  of  the  shaft.  The  water  passed  through  the 
blades  in  series  and  the  energy  given  to  the  water  at  each  row  of  moving 
blades  was  absorbed  by  the  fixed  blades,  whilst  the  torque  thereby 
coming  on  the  casing  was  measured  on  a  platform  weighing  machine. 

Transmission  Dynamometers.— The  dynamo  can  be  made  to  act  as 
a  convenient  and  effective  form  of  transmission  dynamometer  when 
coupled  up  to  an  engine.  For  direct  current  the  product  of  the  read- 
ings of  the  voltmeter  and  ampere-meter  expresses  the  rate  at  which  the 
electrical  energy  is  generated ;  that  is,  volts  X  amperes  =  watts,  and 
746  watts  are  equivalent  to  one  horse-power,  therefore — 

volts  x  amperes 
Electrical  horse-power  =  -       g-*- 

In  alternating  current  circuits,  power  cannot  be  conveniently  measured 
by  means  of  an  ammeter  and  a  voltmeter  as  in  the  case  of  direct  currents, 
for  the  reason  that  the  product,  effective  volts  x  effective  amperes,  is 
generally  greater  than  the  actual  power  expressed  in  watts,  on  account 
of  the  difference  of  phase  between  the  electromotive  force  and  current. 

If  E  =  effective  volts,  I  =  effective  amperes,  and  cos  0  is  the 
power  factor  which  expresses  the  influence  of  the  phase  difference 
between  the  electromotive  force  and  the  current,  then  average 
watts  =  E.T.  cos  6.  Recording  wattmeters  have  been  designed  for 
use  with  alternating  current  whereby  the  power  factor  is  automatically 
allowed  for  in  the  wattmeter. 

For  a  consideration  of  the  instrumental  errors  involved  in  the 
measurement  of  electrical  power  reference  should  be  made  to  any 
standard  work  bearing  on  electrical  instruments. 

It  is  evident  that  if  a  test  of  any  duration  is  to  be  of  much  use  the 
load  should  be  maintained  uniform,  but  with  ordinary  electric  lighting 
plant  it  is  seldom  possible  to  maintain  the  ordinary  working  load 
constant  for  any  great  length  of  time,  so  that  it  is  generally  necessary 
to  provide  special  resistances  for  a  test.  These  might  consist  of  wire 
or  lamp  resistances  for  small  installations,  but  for  moderate-sized  or 
large  plant  a  suitable  water-resistance  is  generally  the  most  convenient. 

Owing  to  frictional  and  electrical  losses  at  the  dynamo,  the  energy 
developed  at  the  engine  crank  shaft  would  be  greater  at  all  loads  than 

1  Trans.  RoyalSoc.,  Series  A.  1897. 
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that  shown  by  the  electrical  measuring  instruments,  and  before  the 
brake  horse-power  could  be  calculated  the  dynamo  efficiencies  should 
be  known.  The  consideration  of  the  methods  which  are  generally 
adopted  to  measure  the  efficiency  of  a  dynamo  is  outside  the  scope  of 
this  work ;  reference  should  be  made  to  any  standard  work  on  the 
electrical  testing  of  dynamos. 

electrical  horse-power 
Brake  horse-power  =  — -; — 

dynamo  efficiency 

By  special  arrangements  the  dynamo  can  also  be  used  as  a  brake  in 
small  installations.  Instead  of  fixing  the  magnet  frame  to  the  founda- 
tions, it  could  be  formed  into  a  cradle  supported  from  the  shaft  centre, 
and  by  applying  a  load  to  the  cradle  at  a  known  distance  from  the 
centre  the  moment  acting  on  the  shaft  could  be  measured  as  in  the 
ordinary  types  of  brakes. 

Tatham  Transmission  Dynamometer. — The  general  arrangement  of 
this  dynamometer  is  illustrated  in  Fig.  84,  and,  in  common  with  prac- 
tically all  other  types  of  mechanical 
transmission  dynamometers,  it  is  only 
adapted  for  use  with  small  or  mode- 
rate horse-powers.  O  and  A  are 
shafts  supported  in  suitable  bearings. 
The  former  is  driven  from  the  engine 
or  driving  shaft,  and  the  power  is 
transmitted  to  the  shaft  A  by  means 
of  the  belt  Q,  which  passes  round  the 
pulleys  D,  E,  M,  and  N.  The  idle 
pulleys  M  N  rotate  on  studs  fixed  in 
the  measuring  arm  L,  and  this  arm 
can  be  balanced  at  no  load  on  the 
pivot  P  by  means  of  the  balance 
weight  B.  It  is  evident  that  if  T, 
Ibs.  is  the  tension  on  the  tight  side 
of  the  belt  Q,  the  total  downward 
pull  on  the  pulley  N  would  be  2Tlt 

and  similarly,  if  T2  Ibs.  is  the  belt  tension  on  the  slack  side,  the 
total  downward  pull  on  the  pulley  M  would  be  2T2  Ibs.  If  the  centres 
of  these  pulleys  are  distant  x  ft.  from  the  pivot  P,  the  moment  of  the 
forces  on  the  lever  L  would  be  (2Ta  —  2T2)*  ft.-lbs.,  and  this  is  balanced 
by  the  weight  W  Ibs.  acting  at  the  distance  R  ft.  from  P. 
/.  WR  =  2x(T,  -  T2) 

or,  T,  -  T2  =  ^Ibs. 

Now,  the  horse-power  transmitted  by  the  belt  Q  is — 
(T!  -  T2)  (speed  of  belt  ft.  per  min.) 

33,000 

or,  if  D  =  diameter  of  the  lower  pulley,  feet, 
N  =  revolutions  per  minute, 
/  =  thickness  of  belt,  feet, 


FIG.  84. — Belt  transmission  dynamo- 
meter. 
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then,  assuming  that  the  slip  and  creep  of  the  belt  are  negligible,— 

Speed  of  belt  =  TT(D  -f  /)N  ft.  per  minute 

WR      7r(D  +  /)N 

and  Horse-power  = X 

2*  33»ooo 

Unless  the  belt  Q  was  kept  very  tight  there  would  be  some  tendency 
for  the  lever  L  to  oscillate,  but  this  could  be  checked  by  attaching  an 
oil  dashpot  to  the  lever. 

Other  forms  of  geared  transmission  dynamometers  have  been  pro- 
posed and  used,  but  as  a  rule  these  can  only  be  used  for  small  powers. 
Further  objections  which  might  be  urged  are  the  liability  to  erratic 
action,  especially  under  variable  torques,  and  the  absorption  of  some  of 
the  power  in  the  dynamometer. 

A  serviceable  type  of  transmission  dynamometer  for  use  with  small 
uniform  torques  or  moments  is  shown  in  outline  in  Fig.  85.  To  measure 
the  torque  on  a  shaft,  the 
two  discs  or  arms  A  and 
B  could  be  introduced 
in  place  of  the  ordinary 
shaft  coupling,  A  being 
keyed  on  one  shaft  and 
B  on  the  other.  By 
using  stiff  spring  connec- 
tions S  between  A  and 
B  as  shown  in  the  figure, 
the  torque  would  be  FIG.  85. — Outline  of  spring  transmission  dynamometer, 
transmitted,  but  there 

would  be  a  certain  relative  displacement  between  A  and  B  depending 
upon  the  magnitude  of  the  torque.  To  measure  the  relative  angular 
displacement  a  modification  of  the  method  described  on  p.  98  in 
connection  with  the  Fottinger  torsion  meter  could  be  used,  but  having 
a  smaller  magnification.  Before  being  fixed  in  position  it  would  be 
necessary  to  calibrate  the  dynamometer.  This  could  be  done  by 
placing  A  and  B  on  a  mandrel  supported  in  a  lathe,  and  by  fixing  either 
A  or  B  according  to  the  arrangement,  and  applying  a  series  of  known 
torques  or  moments  to  the  one  which  is  free,  the  relation  between  the 
torque  and  the  position  of  the  torque  indicator  could  be  obtained. 

In  designing  a  spring  dynamometer  for  small  torques  at  high  speeds, 
short  springs  should  be  adopted  to  minimize  the  action  of  the  centri- 
fugal force  on  the  springs.  In  such  cases  the  two  shafts  might  be 
connected  by  a  single  spiral  spring  arranged  axially  with  the  shaft. 
Whatever  means  are  provided  for  indicating  the  torque,  care  should  be 
taken  to  design  it  so  that  centrifugal  force  does  not  influence  the 
reading. 

Messrs.  W.  H.  Bailey  &  Co.,  of  Manchester,  build  a  spring 
dynamometer  arranged  for  belt  transmission.  A  shaft  is  supported  in 
bearings  on  a  special  sole  plate,  and  on  the  shaft  are  three  belt  pulleys, 
one  of  which  is  fast  to  the  shaft,  another  is  able  to  run  as  a  loose  pulley, 
and  the  third  has  a  spring  connection  to  the  first.  The  driving  belt  is 
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arranged  to  run  either  on  the  fast  or  the  loose  pulley,  whilst  the  driven 
belt  runs  on  the  spring-connected  pulley.  A  special  recording  arrange- 
ment is  provided  to  indicate  the  torque. 

Torsion  Meters. — When  a  shaft  is  subjected  to  a  torque  or  twisting 
moment,  the  shaft  is  in  a  state  of  angular  strain  or  twist  which  is  directly 
proportional  to  the  applied  torque  \  that  is,  if  0  is  the  angle  of  twist  be- 
tween any  two  sections  of  a  shaft  when  transmitting  a  torque  T,  then 
T  =  A0,  where  A  would  have  a  value  depending  upon  the  shear  elas- 
ticity of  the  material  and  upon  the  dimensions  of  the  shaft  (see  p.  105 
for  detail  calculations).  If  T  were  the  torque  in  in.-lbs.,  and  N  the 
revolutions  per  minute,  the  shaft  horse-power  would  be  expressed  by 

27TTN 

12  x  33,000' 

Although  torsion  meters  are  applicable  to  the  measurement  of  the 
angle  of  twist  of  any  rotating  shaft,  perhaps  the  most  important  applica- 
tion is  that  of  measuring  the  shaft  horse-power  of  marine  turbines  and 
reciprocating  engines  on  board  ship,  where  any  of  the  various  types  of 
meters  can  be  applied  to  a  suitable  length  of  the  tunnel  shafting. 
In  spite  of  the  smallness  of  the  angle  of  twist,  even  at  full  power,  these 
instruments  have  to  be  designed  to  measure  with  reasonable  accuracy, 
and  it  is  mostly  in  the  means  adopted  to  magnify  and  to  observe  the 
angle  of  twist  accurately  that  the  principal  modifications  arise  as 
between  the  different  types  of  torsion  meters. 

The  Fottinger  torsion  meter  was  one  of  the  first  applications  of  the 
above  principle  to  the  measurement  of  the  shaft  horse-power  of  marine 
engines,  but  since  the  advent  of  marine  turbines  many  forms  of  these 
instruments  have  been  introduced.  The  Fottinger  torsion  meter  is  illus- 
trated in  diagrammatic  form  in  Fig.  86.  A  and  C  are  two  arms  or  discs 


FIG.  86. — Fottinger  torsion  meter. 

which  rotate  with  the  shaft  M,  A  being  directly  fixed  to  the  shaft  and  C 
attached  to  the  rigid  sleeve  S,  which  in  turn  is  attached  to  the  shaft  at  B, 
say  about  10  ft.  from  A.  When  the  shaft  transmits  power,  the  arm  or 
disc  C  takes  up  the  angular  positions  of  the  point  of  attachment  B,  and 
thus  a  relative  angular  displacement  occurs  between  A  and  C  as  com- 
pared with  their  relative  positions  at  zero  torque.  This  relative  dis- 
placement is  transmitted  and  magnified  through  the  bell-crank  lever  D 
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to  the  pencil  lever  E,  and  the  position  can  be  recorded  by  the  pencil  on 
the  graph  paper  attached  to  the  stationary  drum  G  for  either  direction 
of  rotation.  The  backlash  of  the  pencil  motion  linkwork  is  taken  up 
by  light  springs,  and  the  zero  position  of  the  pencil  is  recorded  when  the 
shaft  is  rotated  slowly  without  torsion. 

The  Denny-Edgecombe  torsion  meter  is  illustrated  in  Fig.  87.  The 
arms  A  and  C  are  connected  to  the  shaft  M  in  a  similar  manner  to 
those  of  the  Fottinger  instrument,  A  directly  to  the  shaft  and  C  through 
the  split  tube  or  sleeve  S  at  B.  The  arm  C  carries  multiplying  gear  E, 
which  gears  with  a  quadrant  D  fixed  on  the  arm  A,  and  by  means  of  an 
endless  flexible  wire  F,  the  torsional  movement  of  the  shaft  is  converted 
into  a  longitudinal  movement  of  the  light  aluminium  traveller  G.  This 
traveller  has  an  accurately  turned  flange  H  which  corresponds  with  an 


FIG.  87.  — Denny-Edgecombe  torsion  meter. 

accurately  turned  base  flange  I  on  the  tube.  The  longitudinal  move- 
ment of  the  traveller  flange — relatively  to  the  base  flange — is  a  measure 
of  the  torsion  or  twist. 

The  indicator  K  is  applied  to  the  flanges  by  means  of  two  small 
revolving  wheels.  One  of  these,  J,  is  attached  to  the  body  of  the 
indicator  and  is  kept  in  contact  with  the  base  flange  by  the  spring  R. 
By  this  means  the  whole  indicator  follows  any  small  longitudinal 
motion  of  the  shaft  due  to  the  thrust  or  expansion  and  eliminates  its 
effect  from  the  indications.  The  other  small  revolving  wheel  L  is  upon 
a  slide  on  the  indicator  and  runs  against  the  flange  of  the  traveller, 
being  kept  in  contact  with  it  by  the  tension  weight  W.  Thus,  if  the 
two  wheels  be  held  against  their  respective  flanges  by  the  spring  and 
tension  weight  while  the  shaft  is  still  or  being  revolved  slowly  without 
appreciable  torsion,  the  pointer  P  may  then  be  adjusted  to  the  zero 
position  by  the  means  provided  for  the  purpose. 

The  pointer  indicator  is  suitable  for  marine  turbines,  or  for  recipro- 
cating engines  when  the  mean  torque  only  is  desired,  but  a  recording 
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chart  arrangement  can  be  introduced  to  record  the  torque  at  each 
instant  during  a  whole  revolution  or  series  of  revolutions. 

Means  are  provided  to  keep  the  indicator  wheels  clear  of  the 
flanges  when  not  indicating,  so  that  the  instrument  then  needs  no 
attention. 

Several  torsion  meters  have  been  designed  which  use  a  beam  of 
light  to  act  as  the  torque  indicator.  Fig.  88  gives  a  diagrammatic 
illustration  of  the  Hopkinson-Thring  torsion  meter  as  manufactured  by 
Messrs.  Siemens  Bros.  The  collar  A  is  provided  with  a  projecting 
flange  and  is  clamped  to  the  shaft  as  shown,  whilst  the  split  sleeve  S, 
provided  with  a  similar  flange  C  near  to  A,  is  connected  to  the  shaft  at 
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FIG.  88. — Hopkinson-Thring  flash-light  torsion  meter. 

B,  which  is  distant  about  12  ins.  to  40  ins.  from  A  according  to  the  size 
of  the  shaft.  The  relative  movement  which  takes  place  between  the 
two  flanges  when  the  shaft  transmits  power  is  made  visible  by  one  or 
more  systems  of  torque  mirrors  mounted  between  the  two  flanges, 
which  reflect  a  beam  of  light  projected  from  a  lamp  on  to  a  scale 
divided  in  a  suitable  manner  on  ground  glass. 

Each  system  of  torque  mirrors  consists  of  a  mounting,  pivoted  top 
and  bottom  on  one  or  other  of  the  flanges,  in  which  two  mirrors  are 
arranged  back  to  back.  This  mounting  is  provided  with  an  arm,  the 
end  of  which  is  connected  by  a  flat  spring  to  an  adjustable  stop  on  the 
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other  flange.  Any  relative  movement  of  the  two  flanges  will  turn 
the  torque  mirror  and  thereby  cause  the  beam  of  light  to  move  on  the 
scale,  the  deflection  produced  being  directly  proportional  to  the  torque 
applied  to  the  shaft. 

With  the  arrangement  described,  a  reflection  will  be  received  from 
each  mirror  at  every  half-revolution  of  the  shaft ;  but  where  the  torque 
varies  during  a  revolution  (as  with  reciprocating  engines),  a  second 
system  of  mirrors  may  be  arranged  so  that  four  readings  could  be 
taken  during  one  revolution  ;  or,  if  two  scales  were  used,  eight  readings 
could  then  be  taken. 

Fig.  88  shows  how  the  beam  of  light  reflected  by  the  mirror  when  in 
its  highest  position  passes  through  the  upper  part  of  the  scale  and  to 
one  side  of  the  zero  line,  but  when  the  shaft  has  made  a  further  half- 
revolution  the  beam  of  light  would  be  reflected  from  the  other  mirror, 
and  would  pass  through  the  lower  part  of  the  scale  on  the  other  side  of 
the  zero  position.  The  fixed  mirror  is  attached  to  one  of  the  flanges 
(in  the  figure  to  the  flange  C  of  the  sleeve  S),  and  this  must  be  adjusted  so 
that  the  beam  of  light  reflected  from  it  is  received  at  the  same  point  on 
the  scale  as  those  from  the  movable  mirrors  when  there  is  no  torque 
on  the  shaft.  To  facilitate  the  erection  and  adjustment  of  the  apparatus, 
the  box  containing  the  scale  and  carrying  the  lamp  is  fitted  with 
trunnions,  so  that  it  can  be  inclined  as  required.  If  the  position  of  the 
apparatus  becomes  altered  relatively  to  the  scale  owing  to  the  warming 
up  of  the  shaft  or  from  other  causes,  this  is  indicated  immediately  to 
the  observer  by  an  alteration  in  the  position  of  the  zero  as  reflected  by 
the  fixed  mirror. 

The  makers  can  supply  five  standard  sizes  bored  to  fit  any  shaft  up 
to  the  largest  diameters  in  use.  The  smaller  sizes  of  the  instrument 
are  designed  to  run  up  to  3000  revolutions  per  minute. 

The  principle  of  the  Bevis-Gibson  flash-light  torsion  meter  is  shown 
by  Fig.  89.  Two  blank  discs,  A  and  B,  are  mounted  on  the  shaft  at 
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FIG.  89.— Bevis-Gibson  flash-light  torsion  meter. 

a  convenient  distance  apart.  Each  disc  has  a  small  radial  slot  near  the 
periphery,  and  these  slots  are  in  the  same  radial  plane  when  no  power 
is  being  transmitted  and  no  twist  in  the  shaft.  Behind  the  disc  A  a 
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masked  electric  lamp  L  is  fixed,  but  having  a  slot  cut  in  the  mask 
directly  opposite  to  the  slot  in  the  disc.  Behind  the  disc  B  is  fitted 
a  torque  finder  F,  which  consists  of  an  eyepiece  with  micrometer  cir- 
cumferential adjustment.  The  end  of  the  eyepiece  next  the  disc  B  is 
also  masked  except  for  a  slot  similar  and  opposite  to  the  slot  in  the 
disc.  When  the  four  slots  are  in  line,  a  flash  of  light  is  seen  at  the 
eyepiece  every  revolution  and  appears  as  a  continuous  light  above, 
say,  100  revolutions  per  minute,  but  even  at  lower  speeds  than  this  the 
intermittent  nature  of  the  flashes  does  not  interfere  with  the  accuracy 
of  the  instrument. 

When  the  shaft  is  transmitting  a  torque  the  disc  B  is  displaced 
relatively  to  the  disc  A,  and  therefore  the  slot  in  B  would  be  out  of  the 
original  line  and  the  blank  portion  of  this  disc  would  then  obscure  the 
beam  of  light.  To  pick  up  the  light  again  the  torque  finder  can  be 
moved  circumferentially  over  the  micrometer  scale,  which  would  give 
the  relative  angular  displacement.  The  slots  in  the  discs  A  and  B  are 
necessarily  of  some  appreciable  width,  and  to  obviate  any  error 
due  to  this  the  torque  finder  is  always  moved  from  the  position  giving 
maximum  light  until  the  light  is  just  about  to  disappear.  So  delicate 
is  the  sense  of  sight  that  a  movement  of  y^  of  a  degree  is  sufficient 
to  make  the  difference  between  light  and  darkness.  The  zero  micro- 
meter reading  is  obtained  when  the  shaft  is  rotating  without  torsion, 
and  if  possible  at  or  near  to  the  full  speed,  and  the  zero  reading 
then  forms  a  base  for  subsequent  readings  when  power  is  being 
transmitted. 

For  reciprocating  engines  several  readings  Can  be  taken  throughout 
a  revolution — usually  twelve — by  using  discs  with  twelve  perforations 
or  slots  at  different  radii,  as  is  indicated  in  the  figure.  The  light  and 
the  torque  finder  require  to  be  moved  radially  so  as  to  bring  them  into 
line  with  each  corresponding  pair  of  slots  in  the  discs.  By  plotting  the 
readings  on  graph  paper  the  curve  of  turning  moment  and  its  mean 
value  are  obtainable. 

One  objection  to  the  flash-light  type  of  instrument  is  the  possibility 
of  the  distortion  of  the  beam  of  light  as  it  passes  through  the  air  due 
to  local  differences  of  air  temperature.  The  instrument  can,  however, 
be  arranged  in  the  radial  form  so  that  the  points  of  attachment  are 
only  a  few  feet  apart.  In  this  case,  instead  of  the  discs,  an  inner  and 
outer  cylinder  is  arranged,  each  with  a  slot  on  the  circumference,  and 
behind  the  inner  cylinder  is  the  masked  lamp.  The  torque  finder  is 
again  moved  circumferentially  according  to  the  relative  displacement 
of  the  two  cylinders,  which  therefore  measures  the  angle  of  relative 
displacement  from  the  zero  position. 

The  Denny-Johnston  torsion  meter  is  a  most  interesting  and 
ingenious  application  of  electrical  methods  of  measuring  the  torque  in 
a  shaft,  and  is  particularly  applicable  to  a  marine  steam  turbine.  It  is 
manufactured  by  Messrs.  Kelvin  &  White,  Ltd.,  Glasgow. 

The  diagram,  Fig.  90,  shows  the  general  arrangement  of  the 
apparatus  as  applied  to  turbine  driven  shafting.  On  the  shaft  are  fixed, 
at  a  suitable  distance  apart,  two  light  gun-metal  wheels,  A  and  B.  On 
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each  wheel  is  mounted,  as  shown,  a  permanent  magnet,  the  projecting 
pole  of  which  is  made  V-shaped  in  order  to  produce  a  dense  and  definite 
magnetic  field  at  the  point.  Underneath  the  magnets  and  set  concen- 
trically with  the  wheels  and  shaft  are  fixed  two  inductors,  A  and  B,  each 
of  which  consists  of  a  quadrant- 
shaped  piece  of  soft  iron  carried 
on  a  gun-metal  stand  provided 
with  suitable  levelling-screws.  On 
each  piece  of  iron  are  mounted  a 
number  of  separate  but  similar 
windings  of  insulated  wire,  there 
being  a  certain  suitable  number 
of  windings  per  unit  of  circum- 
ferential length  of  the  iron.  There 
is  in  conjunction  with  the  in- 
ductors a  recording-box,  in  which 
are  mounted  two  series  of  contact- 
studs,  A  and  B,  around  which 
scales  are  fixed.  In  connection 
with  the  series  of  studs,  two  con- 
tact-arms, A  and  B,  are  arranged, 
by  means  of  which  electrical  con- 
nection may  be  made  at  will 
between  any  desired  stud  of  a 
series  and  its  contact-arm.  There 
is  in  series  A  a  stud  for  every 
separate  winding  in  the  inductor 

A,  and  in  series  B  a  stud  for  every 
separate  winding  in  the  inductor 

B,  each  stud  being  connected  to 
its    particular  winding   by  means 
of  a  separate  wire,  all  the  wires 

being  contained  in  the  multiple  cables  A  and  B.  The  remaining  ends 
or  returns  of  the  winding  on  the  inductors  A  and  B  are  all  connected 
by  means  of  two  common  wires  (also  contained  in  the  cables  A  and  B) 
to  the  contact-arms  A  and  B  respectively. 

Included  in  each  of  these  two  circuits  is  a  variable  resistance  (by 
means  of  which  the  strength  of  the  current  flowing  in  the  circuit  may 
be  adjusted  as  desired)  and  one  winding  of  a  differentially-wound 
telephone  receiver.  The  scale  A  is  divided  into  six  equal  parts,  there 
being  six  separate  windings  in  the  inductor  A,  and  thus  six  studs  in  the 
series  A ;  the  length  of  five  subdivisions  of  the  scale  thus  represents 
the  circumferential  length  occupied  by  all  the  windings  on  the  inductor, 
each  subdivision  representing  the  distance  between  neighbouring 
windings,  which  is  usually  o-2  in.  The  scale  B  is  divided  into  fourteen 
equal  parts,  there  being  fourteen  separate  windings  on  the  inductor  B, 
and  thus  fourteen  studs  in  the  series  B.  The  length  of  thirteen  sub- 
divisions of  the  scale,  as  before,  represents  the  circumferential  length 
occupied  by  all  the  windings  in  the  inductor,  the  distance  between 
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FlG.  90. — Diagrammatic  representation  of 
Denny-Johnston  torsion  meter. 
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neighbouring  windings  being  represented  by  one  subdivision  of  the 
scale ;  the  usual  distance  between  neighbouring  windings  in  inductor 
B  is  o'o2  in. 

To  facilitate  the  accurate  and  easy  setting  of  the  magnets  above 
their  respective  windings,  lines  are  cut  in  the  tops  of  the  inductors 
exactly  above  the  end  windings,  and  the  magnets  are  set  to  these  lines. 
When  the  shaft  rotates  without  transmitting  power,  a  current  of 
electricity  is  induced  in  the  end  or  zero  winding  of  each  inductor,  the 
contact-arms  being  first  placed  in  contact  with  the  end  or  zero  stud  in 
each  series.  These  two  separate  currents  both  traverse  their  respective 
circuits,  passing  in  each  case  from  the  inductor  winding  in  which  they 
are  induced  to  the  respective  zero  studs  to  which  these  windings  are 
connected,  thence  by  way  of  the  respective  contact-arms,  resistances, 
and  telephone  receiver  windings  back  to  the  inductors  again.  The 
connections  to  the  receiver  windings  are  so  arranged  that  the  effects  of 
the  two  separate  currents  flowing  therein  are  in  opposition,  and 
thus  neutralize  each  other's  effect  on  the  receiver  when  the  strengths 
of  the  two  currents  flowing  are  exactly  equal  at  the  same  instant. 
By  means  of  the  variable  resistances  in  each  of  the  circuits  the 
currents  are  made  equal  in  strength,  and  then  so  long  as  the  shaft 
transmits  no  power,  and  is  thus  subject  to  no  torsion,  no  sound  will  be 
heard  on  listening  at  the  receiver,  since  the  currents  induced  in  the 
zero  windings  of  the  inductors  have  been  equalized,  and  are  both 
induced  at  exactly  the  same  instant.  When  transmitting  power,  the 
shaft  is  subject  to  a  certain  torsion  or  twist,  which  causes  the  zero 
winding  of  the  inductor  next  the  turbine  or  engine  to  be  excited  in 
advance  of  the  other  by  the  amount  of  the  torsion  of  the  shaft ;  a  loud 
ticking  sound  will  then  be  heard  in  the  receiver,  as  the  currents  no 
longer  neutralize  each  other. 

Contact-arm  B  is  then  shifted  from  stud  to  stud,  until  the  position 
of  greatest  silenoe  in  the  receiver  is  once  more  obtained.  When  this 
position  is  found,  the  reading  on  the  scale  B  opposite  the  contact-arm, 
represents  the  circumferential  measurement  ot  the  angle  of  torsion  of 
the  shaft  at  the  radius  of  the  inductor  windings.  A  current  equal  in 
strength  at  the  same  instant  to  that  induced  in  the  zero  winding  of  in- 
ductor A  is  now  being  induced  in  that  winding  of  inductor  B  which  is 
in  connection  with  the  contact-arm  B  ;  the  scale  reading  thus  represents 
the  displacement  of  one  magnet  with  regard  to  the  other  due  to  the 
torsion  of  the  shaft.  In  the  event  of  the  torsion  being  found  to  be  too 
great  to  be  measured  on  scale  B  alone,  contact-arm  A  is  shifted  from 
stud  to  stud  until  a  reading  can  be  obtained  on  scale  B,  the  torsion 
reading  being  equal  to  the  sum  of  the  readings  on  scales  A  and  B. 
The  reading  corresponding  to  any  large  displacement  of  one  magnet 
relatively  to  the  other  is  thus  easily  obtained  by  the  combined  use  of 
the  scales  A  and  B. 

The  recording  box  is  usually  placed  in  a  quiet  cabin,  as,  while  the 
sound  in  the  telephone  is  quite  definite,  for  fine  adjustments  it  is 
desirable  to  have  as  little  extraneous  noise  as  possible. 

The  relation  between  the  angle  of  twist  and  the  applied  torque  of 
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a  circular  shaft  of  given  dimensions  can  be  approximately  calculated 
from  the  following  expression  : — 


0  =    pry  for  solid  shafting 

=    P/X^4 -jjr  for  hollow  shafting 

degrees 
where  6  =  angle  of  twist  in  radians  =          — 

T  =  torque  or  twisting  moment,  inch-lbs. 
D  =  external  diameter  of  shaft,  inches. 
d  =••  internal  diameter  of  hollow  shaft,  inches. 
L  =  length  of  shaft  between  points  considered,  inches. 
C  =  modulus  of  rigidity  =  11,250,000  approximately  for   mild 
steel. 

The  value  of  C  varies  somewhat  with  the  material  of  the  shaft  and 
with  the  variable  elastic  character  of  apparently  similar  materials,  and 
it  is  therefore  better  to  test  directly  the  section  of  shaft  to  be  used  for 
the  torsion  meter  before  the  shaft  leaves  the  works.  This  is  usually 
done  by  supporting  the  shaft  in  a  lathe  or  in  a  specially  designed 
fixture.  One  end  of  the  shaft  would  be  rigidly  fixed,  and  the  other  end, 
though  supported,  would  be  left  quite  free  to  rotate  without  appreciable 
frictional  resistance.  Near  the  free  end  a  known  torque  would  be 
applied  by  means  of  weights  or  spring  balances,  acting  at  the  ends  of 
two  equal  and  opposite  arms  in  the  same  plane,  the  loads  being 
arranged  to  be  equal  on  the  two  arms  so  as  to  obviate  any  direct  pull 
on  the  shaft.  Two  comparatively  light  pointers  of  suitable  length 
would  be  fixed  at  a  convenient  distance  apart  on  the  shaft  and  provided 
with  scales,  divided  in  degrees  or  the  equivalent.  The  difference 
between  the  movement  of  the  two  pointers  when  the  torque  is  applied 
is  a  measure  of  the  angle  of  twist,  and  by  applying  a  series  of  torques 
the  average  relation  between  the  torque  and  angle  of  twist  can  be 
established  for  future  use  with  the  torsion  meter,  though  the  elasticity 
of  the  material  of  the  shaft  is  liable  to  alter  slightly  in  course  of  time. 

Ordinary  materials  are  not  perfectly  elastic,  that  is,  the  angles  of 
twist  for  decreasing  torques  may  be  slightly  different  from  those  obtained 
with  increasing  torques.  This  effect  can  be  almost  eliminated  by  tapping 
the  shaft  with  a  lead  hammer  during  the  torsion  test,  it  being  then 
assumed  to  be  in  the  same  condition  as  when  in  actual  running  operation. 

The  ordinary  marine  engine  or  turbine  propeller  shaft  is  subject 
to  a  direct  thrust  as  well  as  to  a  torque  when  transmitting  power. 
Mr.  J.  Hamilton  Gibson l  made  some  experiments  to  ascertain  the 
influence  of  combined  torque  and  thrust  on  the  angle  of  twist,  and  he 
found  that  the  thrust  apparently  augmented  the  angle  of  twist  by  about 
i  to  i£  per  cent  for  solid  shafts,  and  about  3  to  4  per  cent,  for  hollow 
shafts,  but  the  experiments  cannot  be  accepted  as  conclusive. 

The  turning  moment  at  the  crank  shaft  of  a  reciprocating  marine 

1   Trans.  Inst.  Naval  Architects,  1907,  p.  126. 
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engine  generally  shows  considerable  variations  from  the  mean  moment, 
and  these  variations  are  transmitted  through  the  intermediate  shafting 
with  more  or  less  modification.  At  some  critical  speed  depending 
upon  the  moment  of  inertia  of  the  propeller,  the  length  of  the  shafting, 
and  the  torsional  rigidity  of  the  shaft,  such  variations  of  moment  at 
the  engine  crank  shaft  would  set  up  impulsive  torsional  oscillations 
in  the  shaft,  thereby  magnifying  the  variations  from  the  mean  moment, 
so  that  unless  the  critical  speed  happened  to  be  much  higher  than  the 
normal  speed  of  the  engine,  the  shaft  might  get  into  a  dangerous 
condition.  Besides  this  influence,  there  may  be  superimposed  variations 
of  torsion  over  a  number  of  revolutions.1  It  thus  follows  that  for 
reciprocating  engines  the  most  useful  type  of  torsion  meter  is  one 
which  is  capable  of  giving  an  accurate  continuous  diagram  of  the 
torque  throughout  a  series  of  revolutions  of  the  shaft. 

1    The  Engineer •,  November  5,  1909. 
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TESTING    OF  LOCOMOTIVES,   MOTOR-CARS,    ETC. 
THE  TESTING  OF  LOCOMOTIVES 

LOCOMOTIVES  may  be  tested  under  two  distinct  sets  of  conditions :  ist, 
under  actual  operating  conditions  on  a  railroad ;  or  2nd,  with  the 
locomotive  supported  on  a  special  dynamometer  so  that  the  locomotive 
itself  remains  stationary  while  the  driving  wheels  rotate. 

A  locomotive  test  under  service  conditions  on  a  railroad  must 
necessarily  be  much  less  exact  than  tests  made  on  land  engines  and 
boilers  of  the  stationary  types,  because  the  exigencies  of  railway  traffic 
prevent  the  attainment  of  uniform  conditions  for  any  length  of  time, 
besides  which  the  measuring  instruments  are  usually  difficult  to  arrange 
and  to  handle  effectively. 

Considering  first  the  locomotive  under  service  conditions  on  a 
railroad,  the  objects  of  a  test,  apart  from  observations  relating  to  time- 
keeping, starting  accelerations,  and  braking,  would  be  included  in  one  or 
more  of  the  following  statements  : — i.  The  measurement  of  the  average 
rate  of  fuel  consumption  with  given  train  loads.  2.  Measurement  of 
the  average  indicated  horse-power.  3.  The  study  of  the  valve-setting 
conditions  from  indicator  diagrams  at  various  cut-offs  or  number  of 
expansions.  4.  The  estimation  of  the  average  rate  of  steam  con- 
sumption, both  as  regards  the  generation  of  steam  in  the  boiler  and 
the  steam  used  by  the  engine  per  horse-power-hour.  5.  Measurement 
of  steam  pressures,  quality  of  steam,  furnace  and  smoke-box  draught, 
furnace  and  smoke-box  gas  temperatures,  analysis  of  flue  gases,  analysis 
and  determination  of  calorific  value  of  fuel  and  ashes,  etc.,  to  estimate 
boiler  losses.  6.  Measurement  of  the  draw-bar  pull. 

It  is  a  common  practice  for  locomotive  engineers  to  measure 
regularly  the  coal  consumption  over  a  given  run  with  a  given  average 
train  load,  and  to  calculate  the  average  coal  consumption  per  train-mile 
or  per  ton-mile.  This  is  simply  a  matter  of  estimating  the  average 
train  weight  exclusive  of  engine  and  tender,  and  of  weighing  the 
amount  of  fuel  placed  in  the  tender  before  the  start  and  the  amount 
left  over  after  the  completion  of  the  run,  making  due  allowance  for  the 
fuel  required  to  raise  the  steam  before  the  start  and  the  amount  of  fuel 
left  in  the  fire-box  at  the  finish.  The  starting  and  finishing  conditions 
of  the  furnace  and  boiler  should  be  as  nearly  as  possible  the  same,  but 
if  the  test  were  only  three  or  four  hours'  duration  the  fire  might  be 


108       THE    TESTING    OF  MOTIVE-POWER  ENGINES 

allowed  to  die  out  at  the  end  of  the  run  if  time  permitted,  the  uncon- 
sumed  fuel  on  the  grate  being  afterwards  weighed  and  allowed  for. 
Under  some  circumstances  it  might  be  desirable  to  measure  the  fuel 
consumption  up  to  various  stages  of  a  long  run,  in  which  case  the  dry 
fuel  could  have  been  previously  weighed  out  in,  say,  i  oo-lb.  bags,  and  a 
record  kept  of  the  fuel  consumption  in  much  the  same  way  as  for 
ordinary  boiler  tests. 

Under  special  conditions  it  Is  possible  to  obtain  a  measure  of  the 
average  boiler  efficiency  and  the  average  thermal  efficiency  of  the 
engine,  together  with  an  estimation  of  the  various  losses  which  occur  in 
the  boiler  and  engine,  and  in  that  case  it  would  be  necessary  to  make 
observations  according  to  the  statements  i,  2,  4,  and  5  on  p.  107,  but 
the  measuring  arrangements  become  so  complicated  and  so  difficult  to 
manipulate  under  running  conditions  that  a  complete  test  is  rarely 
attempted.  Ordinary  locomotive  tests  are  usually  concerned  with  the 
fuel  consumption  and  average  indicated  horse-power. 

To  obtain  indicator  cards  it  is  generally  convenient  to  attach  the 
indicator  for  each  cylinder  to  a  three-way  cock,  which  is  connected  to 
each  cylinder  end  by  means  of  a  f-inch  bore  well-covered  pipe,  made 
as  short  as  possible  consistent  with  a  convenient  position  for  the  indi- 
cator. Any  of  the  indicator  reducing  gears  illustrated  on  pp.  59  and  60 
might  be  used  according  to  the  particular  suitability,  though  the  panto- 
graph type  of  gear  (Fig.  50,  p.  61)  is  generally  convenient,  especially 
with  outside  cylinders.  It  is  also  preferable  to  obtain  the  steam-chest 
pressures  by  indicator  rather  than  by  means  of  a  gauge,  as  the  pressure 
is  liable  to  comparatively  large  cyclical  fluctuations  at  high  speeds.  The 
indicator  operator  should  be  well  sheltered  by  means  of  a  temporary 
screen  or  box  placed  in  front  of  the  smoke-box.  The  indicator  reduc- 
ing gear  could  also  be  arranged  to  operate  a  revolution  counter  so 
situated  that  the  indicator  operator  could  easily  read  the  recording  dial, 
and  the  diagrams  might  then  be  taken  at  equal  revolution  intervals 
rather  than  at  equal  time  intervals. 

The  most  convenient  method  for  the  approximate  measurement  of 
feed  water  is  to  fix  a  water  meter  on  to  the  suction  pipe,  placing  a 
strainer  between  the  meter  and  the  suction  tank.  Although  water  meters 
cannot  be  relied  upon  under  all  circumstances,  they  are  usually  fairly 
serviceable  if  carefully  used  and  frequently  calibrated.  The  observer  in 
the  cab  would  read  the  meter  at  a  given  signal  from  the  operator  who 
is  recording  the  revolutions.  All  the  overflow  or  leakage  water  from 
the  feed  pumps  or  injectors  should  be  caught  and  measured,  and  should 
then  be  deducted  from  the  meter  readings. 

Another  method  of  measuring  the  feed  water  is  to  use  a  copper 
float  with  attached  scale,  and  arranged  so  that  the  scale  is  well  guided 
through  a  hole  in  the  top  of  the  suction  tank  in  line  with  the  centre 
of  gravity  of  the  tank.  The  registered  water-level  in  the  tank  would 
then  be  independent  of  the  inclination  of  the  railroad.  The  obser- 
vations should  be  taken  when  the  locomotive  speed  is  uniform,  if  this 
is  possible,  as  an  accelerating  or  retarding  speed  may  affect  the  water 
level.  A  calibration  of  the  tank  would  be  necessary  and  could  be 
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obtained  by  filling  the  tank  and  then  drawing  off  the  water,  marking 
the  scale  with  a  definite  line  and  number  at  each  500  Ibs.  say,  after 
which  the  scale  might  be  further  subdivided.  Any  overflow  or  leakage 
from  the  injectors  could  be  returned  to  the  suction  tank.  Observations 
would  also  be  made  upon  the  feed-water  temperature,  steam  pressure, 
height  of  water  in  the  boiler  gauge  glasses,  and  under  special  circum- 
stances a  wire-drawing  calorimeter  might  be  connected  up  to  the  steam 
dome  to  ascertain  the  dry  ness  fraction  of  the  steam.  The  water  level 
in  the  boiler  gauge  glasses  is  affected  by  the  inclination  of  the  road  and 
by  the  rate  of  evaporation,  so  that  a  correct  estimation  of  the  starting 
and  finishing  water  levels  is  a  matter  of  some  difficulty. 

Care  should  be  taken  not  to  allow  the  safety  valve  to  blow  off  if 
it  can  be  avoided,  but  if  it  occurs  the  times  at  which  it  commences 
and  ceases  should  be  noted. 

The  smoke-box,  furnace,  and  ashpit  draught  can  be  measured  by 
the  ordinary  water  manometer  (see  p.  39).  Experiments  seem  to  show 
that  the  draught  in  the  smoke-box  is  practically  the  same  at  all  points 
below  the  blast  nozzle.1  The  amount  of  ashes  and  combustible  matter 
which  falls  from  the  grate  and  which  is  caught  in  the  smoke-box  might 
be  measured. 

For  full  information  regarding  the  heat  losses  it  would  also  be 
necessary  to  obtain  the  calorific  value  and  analysis  of  the  fuel  and 
ashes,  the  flue  gas  analysis,  the  furnace  and  smoke-box  temperatures, 
and  the  quality  of  steam  generated,  the  methods  used  being  much  the 
same  as  for  stationary  boilers.  Experiments  on  the  character  of  the 
combustion  have  been  made  by  Dr.  F.  J.  Brislee 2  on  certain  London 
and  North  Western  Railway  express  locomotives.  For  the  efficiency  of 
locomotive  boilers  and  the  character  of  the  combustion  under  laboratory 
conditions  reference  might  be  made  to  a  paper  by  Mr  L.  H.  Fry,3  which 
was  based  upon  the  locomotive  tests  at  The  Louisiana  Exposition,  1904. 

The  force  which  is  required  to  draw  a  train  depends  upon  a 
multitude  of  circumstances.  The  most  important  factors  are: — The 
weight  and  speed  of  train ;  the  air  resistance,  including  the  influence  of 
winds  j  the  frictional  resistances  at  the  various  axle  bearings  and  wheel 
flanges ;  and  the  state  of  the  railroad.  Most  of  the  important  railways 
in  this  country  and  abroad  have  built  special  dynamometer  cars  for  the 
purpose  of  measuring  the  draw-bar  pull  of  locomotives,  and  for  making 
observations  of  a  general  character.  Lack  of  space  prevents  a  descrip- 
tion of  these  cars  being  made  here,  but  much  information  can  be 
obtained  by  referring  to  the  following  papers :  Aspinall,  Proc.  Inst. 
Civil  Eng.,  1901-2,  part  i. ;  McMahon,  Proc.  Inst.  Elec.  Eng., 
May,  1899.  Cams- Wilson  on  "The  Predetermination  of  Train  Re- 
sistance," Proc.  Inst.  Civil  Eng.,  vol.  clxxi.,  1907-08,  part  i. ;  Fry  on 
"Train  Resistance  Formulae,"  The  Engineer,  March  26,  1909;  Schmidt 
on  "Train  Resistance,"  Bulletin  No.  43,  University  of  Illinois. 

1  Goss,  "Locomotive  Performance,"  p.  210. 

2  "  Combustion  Processes  in  English  Locomotive  Fire-boxes,"  Proc.  Inst.  Mech. 
Eng.,  1908,  p.  237. 

3  "Combustion  and  Heat  Balances  in  Locomotives,"  Proc.  Inst.  Mech.  Eng., 
1908,  p.  269. 
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The  actual  air  resistances  offered  to  a  moving  train  have  been 
measured  under  particular  conditions  by  several  experimenters,  but 
the  exact  influence  of  winds  upon  the  train  resistance  has  not  yet  been 
determined. 

Professor  W.  F.  M.  Goss  l  has  made  experiments  on  small  model 
cars  where  he  measured  the  force  acting  on  the  model  cars  when 
placed  in  a  directed  current  of  air.  His  experiments  led  to  the  follow- 
ing conclusions  : — 

The  effect  of  a  current  of  air,  impinging  directly  upon  the  end  of 
a  single  model,  may  be  assumed  to  represent  the  sum  of  three  partial 
effects  :  (i)  the  effect  of  the  direct  action  due  to  the  exposure  of  the 
initial  end  of  the  model ;  (2)  the  effect  of  frictional  action  along  the 
sides  and  top  of  the  jnodel ;  (3)  the  effect  of  diminished  pressure,  or 
"  suction,"  at  the  rear  of  the  model. 

When  a  model  having  the  proportions  of  a  standard  freight-car,  or 
when  a  train  of  such  models  is  submerged  in  currents  of  air,  the  length 
of  the  model  or  train  being  extended  in  the  direction  of  the  current, 
effects  are  observed  which,  briefly  stated,  are  as  follows  : 

(1)  The  force  with  which  the  current  will  act  upon  each  element  of 
the  train,  or  upon  the  train  as  a  whole,  increases  as  the  square  of  the 
velocity. 

(2)  The  effect   upon  a  single  model,  standing  alone,  measured  in 
terms  of  pressure  per  unit  area  of  cross-section,  is  approximately  0-5 
the  pressure  per  unit  area,  as  disclosed  by  the  indications  of  the  Pitot 
gauge. 

(3)  The  effect  upon  the  different  models  composing  a  train  varies 
with  different  positions  in  the  train;  it  is  most  pronounced  upon  the 
first  model ;  next  in  order  of  magnitude  is  its  effect  upon  the  last 
model ;  next,  its  effect  upon  each  intermediate  model  other  than  the 
second ;  and  last  of  all  is  its  effect  upon  the  second  model. 

(4)  The  relative  effect  upon  different  portions  of  a  train  is  approxi- 
mately the   same  for   all   velocities.     For   example,  any  intermediate 
model  other  than  the  second  always  has  a  force  to  resist,  which  is 
approximately,  one  tenth  that  resisted  by  the  first  model,  while  the  last 
model  has  a  force  to  resist  which  is  one-quarter  that  resisted  by  the 
first. 

(5)  The  ratio  of  the  effect  upon  each  of  the  several  models  com- 
posing a  train,  measured  in  pressure  per  unit  area  of  cross-section, 
compared  with  the  pressure  per  unit  area  disclosed  by  the  indications 
of  the  Pitot  gauge,  is,  approximately,  for  the  first  model  of  the  train  0*4; 
for  the  last  model  of  the  train  OT  ;  for  any  intermediate  model  between 
the  second  and  last  0*04 ;  and  for  the  second  model  0^03 2. 

Professor  Goss  is  one  of  the  pioneers  in  the  experimental  testing  of 
locomotives  under  laboratory  conditions.  He  designed  and  installed 
at  Purdue  University  a  special  dynamometer  where  the  locomotive 
driving  wheels  rested  on  supporting  wheels,  the  power  developed  being 
absorbed  by  Alden  brakes.  The  draw-bar  pull  was  measured  by  means 
of  a  system  of  weighing  levers  in  one  installation,  and  by  means  of  the 
1  "  Locomotive  Performance,"  p.  377. 
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weighing  head  of  an  Emery  materials  testing  machine  in  a  second  plant. 
A  full  description  will  be  found  in  Professor  Goss's  book  on  "  Locomo- 
tive Performance,"  together  with  the  results  of  a  large  number  of 
various  experiments. 

The  advantages  of  such  an  installation  as  compared  with  railroad 
conditions  is  in  the  facilities  which  it  offers  for  the  experimental  study 
of  the  several  independent  factors  which  may  influence  a  locomotive's 
performance,  and  whereby  it  is  possible  to  conduct  a  series  of  tests 
without  introducing  too  many  varying  conditions. 

A  large  locomotive  dynamometer  was  installed  at  the  Louisiana 
Purchase  Exposition,  Missouri,  in  1904,  by  the  Pennsylvania  Railroad 
Company,1  acting  in  conjunction  with  the  American  Society  of  Mechanical 
Engineers  and  the  American  Railway  Master  Mechanics  Association. 
A  large  number  of  important  experiments  were  made  on  large  American 
locomotives  of  different  types,  the  results  of  which,  together  with  a 
full  description  of  the  plant,  are  embodied  in  the  excellent  report 
issued  by  the  above-mentioned  railway  company,  a  copy  of  which 
report  has  been  generously  presented  by  the  company  to  the  libraries 
of  our  leading  engineering  societies  and  colleges.  A  careful  study  of 
the  report  would  amply  repay  those  who  are  specially  interested  in 
locomotive  engineering.  The  following  is  a  brief  description  of  the 
essential  features  of  the  testing  plant : — 

Referring  to  Fig.  91,  which  represents  a  general  elevation  of  the 
plant,  the  locomotive  driving  wheels  are  supported  on  dynamometer 
wheels,  the  latter  being  keyed  on  to  axles,  the  bearings  for  which  are 
fixed  in  the  pedestals  B.  Two  sets  of  pedestals  were  found  to  be 
necessary,  a  high  pedestal  to  be  used  with  5o-in.  diameter  supporting 
wheels,  and  a  low  pedestal  for  use  in  conjunction  with  72-in.  support- 
ing wheels,  the  smaller  set  of  wheels  being  intended  for  use  in  testing 
freight  engines,  and  the  larger  wheels  for  testing  passenger  engines. 
Each  wheel  had  the  supporting  rim  surface  shaped  like  the  standard 
loo-lb.  rail. 

The  work  done  by  a  locomotive  under  test  was  absorbed  by  Alden 
brakes  (see  Fig.  78,  p.  90),  two  being  arranged  on  each  axle,  and  the 
brake  casings  were  anchored  down  to  the  foundations.  The  pull 
exerted  by  the  locomotive  was  sustained  and  measured  at  the  traction 
dynamometer  G.  This  consisted  of  a  set  of  heavy  castings  securely 
bolted  to  the  concrete  foundations,  and  arranged  to  accommodate  the 
series  of  dynamometer  levers  which  are  shown  in  detail  in  Fig.  92, 
whereby  the  pull  was  measured.  The  locomotive  draw-bar  was  attached 
to  the  yoke  EE,  Fig.  92,  through  a  ball  and  socket  joint,  and  was 
arranged  so  that  the  draw-bar,  together  with  the  various  lever  connec- 
tions, could  be  raised  or  lowered  within  a  range  of  12  ins.  to  accom- 
modate locomotives  of  different  heights  of  draw-bar  connection.  The 
weight  of  the  draw-bar  was  carried  on  two  thin  flexible  steel  plates, 
and  it  was  held  in  alignment  by  flexible  rods  so  that  its  movement  took 
place  without  friction. 

1  This  testing  plant  is  now  installed  at  the  Company's  works  at  Altoona, 
Pennsylvania. 
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In  Fig.  92  are  shown  the  levers  of  the  dynamometer,  or  weighing 
mechanism  proper.  The  lever  system  was  in  duplicate,  i.e.,  levers  i,  2, 
on  one  side  were  repeated  by  i,  2,  on  the  other  side.  Instead  of 
knife  edges,  as  in  ordinary  scales,  the  levers  had  at  their  fulcrum  points 
flexible  steel  plates  which  bent  as  the  levers  moved  (see  large  detail). 
To  prevent  an  initial  bending  stress  on  the  horizontal  plate  N,  each  of 
the  four  levers  was  carried  on  a  plate  M  in  the  vertical  plane.  These 
vertical  plates  intersected  the  horizontal  plates  N  at  the  centre  of  rota- 
tion. The  load,  or  the  draw-bar  pull,  was  transmitted  from  the  locomo- 
tive by  the  draw-bar,  and  was  imposed  upon  the  lever  system  at  the  left- 
hand  or  the  right-hand  point  E,  according  as  the  load  was  a  pull  or 
a  push. 

In  the  case  of  a  pull  being  exerted  by  the  locomotive  the  resulting 
movement  in  the  lever  system  was  as  follows :  The  draw-bar  moved 
forward  in  the  direction  of  the  arrow,  and  the  load  came  upon  the  left- 
hand  lever  i  at  the  point  E,  the  load  being  brought  around  the  levers 
by  the  yoke,  and  becoming  a  push  instead  of  a  pull.  This  lever  i  turned 
about  its  fixed  fulcrum  point  /,  and  transmitted  the  load  through  the 
connecting  plate  Q  to  the  lever  2,  which  in  turn  transmitted  it  to  the 
plate  R,  until  finally  it  came  against  the  right-hand  abutment  at 
the  point  T.  The  right-hand  lever  i,  in  this  case,  was  quiescent  or 
dead,  but  when  the  locomotive  ran  backwards  the  left-hand  lever  i 
became  the  inactive  one,  and  the  load  came  upon  the  left-hand  sur- 
face T.  The  movement  of  the  levers  2,  2,  was  resisted  by  the  flat 
springs  V  V  and  these  formed  the  larger  part  of  the  resistance  of  the 
machine. 

The  total  motion  of  the  draw-bar  due  to  the  movements  of  the  lever 
system,  when  under  full  load,  did  not  exceed  four  one-hundredths  of  an 
inch,  so  that  a  locomotive  exerting  a  draw-bar  pull  equal  to  the  full 
capacity  of  the  dynamometer  did  not  move  forward  on  the  supporting 
wheels  more  than  this  amount,  it  being  necessary  to  retain  the  centres 
of  the  locomotive  driving  axles  over  the  centre  of  the  supporting  axles. 
This  motion  was  increased  two  hundred'  times  at  the  recording  pen, 
or  for  each  one-hundredth  of  an  inch  that  the  locomotive  moved  for- 
ward the  recording  pen  moved  through  a  space  of  2  ins.,  the  total 
pen  movement  being  8  ins.  for  the  0*04  in.  movement. 

Arms  O  O,  section  A — B,  extended  horizontally  from  the  lower  end 
of  each  of  the  levers  2,  2,  and  were  connected  to  a  belt-drum  J  by 
means  of  thin  steel  bands  N,  so  that  the  movement  of  the  levers 
rotated  the  drum.  This  drum  J  was  attached  to  a  heavy  tube  H,  which 
in  turn  was  fastened  to  the  centre  of  the  pen  arm.  Inside  the  tube  H 
was  a  torsion  rod  I.  This  rod  was  held  so  that  it  could  not  turn  at  the 
end  L,  and  was  fastened  to  the  tube  at  the  upper  end.  The  tube,  belt, 
drum,  and  pen  arm  were  supported  on  ball-bearings.  As  the  tube  H 
was  turned  by  the  movement  of  the  levers,  the  torsion  rod  I  was  twisted 
from  the  upper  end.  The  torsion  rod  formed  the  final  resistance  of  the 
machine. 

The  end  of  the  third  lever  or  pen  arm  D,  to  which  the  recording 
pen  carriage  was  attached,  swung  in  an  arc,  and  to  rectify  this  motion 
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a  small  carriage  rolling  in  a  straight  runway  carried  the  pen,  and  was 
attached  to  the  third  lever  D  by  means  of  thin  steel  bands.  At  the 
opposite  end  of  the  third  lever  P  there  was  a  rotary  dashpot  to  dampen 
the  vibrations  of  the  dynamometer. 

The  maximum  draw-bar  pull  that  the  dynamometer  was  designed 
to  measure  was  80,000  Ibs.  By  removing  the  springs  V  V  and 
replacing  them  with  either  one  of  two  other  sets,  the  capacity  was 
changed  to  40,000  Ibs.  or  to  16,000  Ibs.  as  desired.  In  other  words, 
with  the  80,000  Ibs.  springs  in  place,  the  scale  of  the  dynamo- 
meter record  was  10,000  Ibs.  per  inch  as  measured  from  the  datum 
line  or  line  of  no  draw-bar  pull.  With  the  40,000  Ibs.  springs  in  place 
the  scale  was  5000  Ibs.  per  inch,  and  with  the  16,000  Ibs.  springs  in 
place  2000  Ibs.  per  inch. 

The  paper  on  which  the  record  of  the  pull  was  obtained  was 
positively  driven  from  one  of  the  main  supporting  axles,  and  the  speed 
of  the  paper  was  proportional  to  the  speed  of  the  circumference  of  the 
supporting  wheel,  or,  what  is  the  same  thing,  the  speed  of  the  locomo- 
tive, provided  that  no  slip  occurred.  The  gear  ratio  was  such  that 
for  each  1000  feet  of  travel  of  the  locomotive  wheels  the  paper  moved 
forward  10  inches.  For  very  slow  speeds,  however,  there  were  change 
gears  for  increasing  the  paper  speed  to  20  inches  per  1000  feet  travel 
of  the  locomotive. 

A  sharp-edged  inked  roller  was  used  to  mark  a  continuous  datum 
line  or  line  of  zero  pull  on  the  moving  paper.  A  pen,  which  was 
attached  to  the  recording  pen  carriage  and  operated  as  described 
above,  recorded  the  pull,  whilst  other  pens,  electrically  operated,  were 
arranged  so  as  to  make  marks  on  the  moving  paper.  One  of  these 
made  a  mark  on  the  paper  at  each  10  ins.,  and  another  marked  the 
paper  at  each  second  of  time.  A  special  integrating  planimeter  was 
also  connected  to  the  recording  mechanism  in  such  a  way  that  the 
movement  of  the  paper  caused  the  roller  of  the  planimeter  to  rotate, 
whilst  the  angularity  of  the  planimeter  arm  was  determined  by  the 
position  of  the  pen  carriage.  In  this  way  the  area  between  the  datum 
line  on  the  paper  and  the  recorded  line  of  pull  was  automatically 
integrated  by  the  planimeter,  each  rotation  of  the  roller  representing 
an  area  of  50  sq.  ins.,  electrical  contacts  being  also  used  so  that  a 
special  pen  made  a  mark  on  the  paper  at  each  rotation  of  the 
planimeter  roller. 

To  provide  against  possible  accidents  caused  by  the  draw-bar 
breaking,  two  safety  bars  were  provided.  These  were  securely  fastened 
to  the  dynamometer  housings  and  to  the  regular  safety  bar  pins  on  the 
locomotive,  their  length  being  adjusted  by  turn-buckles  so  as  to  allow 
about  J  in.  lost  motion  in  order  that  no  part  of  the  pull  of  the 
locomotive  would  be  taken  by  the  safety  bars. 

It  was  found  necessary,  while  the  work  of  testing  was  in  progress, 
to  dampen  the  forward  and  backward  motions  of  the  locomotive  when 
running  at  high  speeds,  so  as  to  protect  the  dynamometer  from  shock 
without '  interfering  with  the  correctness  of  the  draw-bar  pull  records. 
With  that  object  in  view,  new  safety  bars  were  designed  with  oil 
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dashpots  which  damped  out  or  choked  the  backward  and  forward 
oscillations  of  the  locomotive,  these  oscillations  at  high  speeds  being 
largely  due  to  the  unbalanced  reciprocating  masses  of  the  engines. 

A  special  smoke  stack  was  used  into  which  a  cone-shaped  deflector 
with  spiral  vanes  was  fitted,  the  object  being  to  check  the  velocity  of 
the  smoke  and  gases,  and  impart  a  whirling  motion  to  them,  so  that 
the  sparks  carried  out  of  the  locomotive  stack  would  be  deflected  and 
caught  in  a  large  hopper.  The  strong  draught,  however,  in  some  tests 
caused  the  sparks  to  be  carried  out  at  the  top  of  the  plant  stack. 

Some  trouble  was  experienced  in  some  tests  owing  to  the  lack  of 
adhesion  between  the  driving  wheels  and  supporting  wheels.  It  is 
evident  that  the  area  of  surface  contact  between  two  wheels  is  very 
much  less  than  that  between  a  wheeLand  a  rail ;  also,  in  the  testing  plant 
the  driving  wheels  travelled  repeatedly  over  the  same  surface  of  support, 
which  for  unavoidable  reasons  became  worse  and  worse  from  oil  and 
water  dropping  on  it,  whilst  on  the  track  the  driving  wheels  are  always 
travelling  over  a  fresh  surface.  When  a  locomotive  was  operated  on 
the  testing  plant,  the  steam  which  escaped  from  cylinder  cocks,  piston- 
rod  packings,  etc.,  carried  with  it  some  vaporized  oil.  Both  the  steam 
and  oil  condensed  the  moment  they  came  in  contact  with  the  cold 
surfaces  of  the  driving  and  supporting  wheels,  and  a  film  of  oil  and 
water  was  formed  on  the  tyres  of  both  wheels.  In  this  way  the  adhesion 
was  reduced  and  slipping  of  the  drivers  took  place  and  caused  flat  spots 
on  the  supporting  wheels.  To  overcome  this,  sheet  iron  covers  were 
placed  over  the  supporting  wheels,  and  a  force  of  men  was  constantly 
employed  in  wiping  the  wheels  with  cotton  waste,  alternating  with 
emery  cloth,  to  ensure  as  clean  surfaces  as  possible. 

The  coal  used  during  the  tests  was  weighed  in  boxes  of  about 
1000  Ibs.  capacity  and  the  calorific  value  measured  by  means  of  a 
modified  William  Thomson  fuel  calorimeter,  which  was  previously 
tested  against  ten  different  bomb  calorimeters  by  using  standardized 
samples  of  coal.  The  weight  of  cinders  collected  in  the  smoke-box 
and  the  weight  of  sparks  discharged  at  the  smoke-stack  were  obtained 
for  each  test. 

The  feed-water  was  measured  in  weighing  tanks,  each  of  about 
1500  Ibs.  capacity,  which  stood  on  weighing  scales  on  the  top  of  the 
receiving  or  suction  tank.  Each  weighing  tank  had  a  sloping  bottom 
so  that  it  was  possible  to  empty  the  tanks  completely,  and  they  were 
also  provided  with  a  conical  head  to  ensure  accuracy  in  filling  to  the 
overflow  level. 

Indicator  diagrams  were  periodically  taken  from  both  ends  of  each 
cylinder  and  from  the  steam  chests  ;  the  indicator  reducing  gears  were 
of  the  type  shown  in  Fig.  48,  p.  60. 

A  throttling  calorimeter  was  used  to  obtain  the  quality  of  the  steam, 
the  steam  collecting  pipe  being  inserted  into  the  steam  dome. 

The  steam  pressure  gauge  was  connected  to  the  steam  dome,  and  a 
recording  pressure  gauge  was  also  used. 

The  draught  in  the  smoke-box,  fire-box,  and  ash-pit  was  measured 
by  the  ordinary  manometer  U-shaped  water-gauges  (see  Fig.  28,  p.  39). 
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Thermo-couples  were  used  to  measure  the  fire-box l  and  smoke-box 
temperatures,  the  junctions  being  formed  of  platinum  and  platinum- 
rhodium  wire.  The  electromotive  force  of  the  thermo-couples  was 
obtained  by  means  of  a  milli-voltmeter. 

The  temperatures  of  the  feed-water,  the  steam  supply  and  the 
atmosphere  were  measured,  and  the  barometric  pressure  obtained. 
The  Orsat  apparatus  (see  Fig.  127,  p.  194)  was  used  in  analyzing  the 
smoke-box  gases. 

All  the  various  instruments  were  carefully  tested  before  the  com- 
mencement of  the  tests,  and  were  also  tested  periodically  during  the 
course  of  the  experiments. 

A  large  series  of  tests  were  made  on  eight  locomotives  ;  four  being 
freight  or  goods  engines  and  four  passenger  engines.  Two  of  the 
freight  engines  were  simple  and  two  were  compound,  whilst  all  the 
passenger  engines  were  four-cylinder  balanced  compounds,  one  of 
which  was  fitted  with  a  Pielock  superheater. 

It  was  originally  intended  to  make  several  series  of  tests  on  each 
locomotive  with  variable  cut-offs,  with  variable  speeds,  and  with  various 
steam  pressures,  but  lack  of  time  prevented  the  completion  of  the 
scheme,  so  that  throttling  or  variable  pressure  tests  were  omitted  on 
one  of  the  freight  compounds  and  on  all  the  passenger  compound 
engines. 

After  the  testing  plant  was  transferred  from  the  Louisiana  Exposi- 
tion to  the  testing  works  of  the  Pennsylvania  Railroad  Company  at 
Altoona,  some  experiments  were  made  on  one  of  their  Atlantic  type  of 
simple  passenger  locomotives  for  comparison  with  the  results  of  tests 
on  a  four-cylinder  balanced  compound  engine.  The  results  of  these 
latter  experiments  are  given  in  Bulletin  No.  5,  issued  by  the  company. 

Summary  of  Conclusions. — The  full  significance  of  the  results  and 
data  obtained  in  these  experiments  can  only  be  derived  by  a  careful 
and  systematic  study  of  the  actual  report,  but  it  is  thought  that  the 
following  summary  of  the  conclusions  may  be  of  interest,  though  any 
attempt  to  summarize  must  necessarily  pass  over  important  facts  and 
must,  in  some  cases,  involve  statements  which,  because  of  their  incom- 
pleteness, are  not  entirely  free  from  objection. 

Boiler  Performance. — i.  Contrary  to  a  common  assumption,  the 
results  show  that  when  forced  to  maximum  power,  the  large  boilers 
delivered  as  much  steam  per  unit  area  of  heating  surface  as  the  small 
ones. 

2.  At  maximum  power,  a  majority  of  the  boilers  tested  delivered 
12  or  more  pounds  of  steam  per  square  foot  of  heating  surface  per 
hour ;  two  delivered  more  than  14  Ibs. ;  and  one,  the  second  in  point 
of  size,  delivered  16*3  Ibs. 

3.  The  two  boilers  holding  the  first  and  second  place  with  respect 
to  weight  of  steam  delivered  per  square  foot  of  heating  surface,  are 
those  of  passenger  engines. 

1  It  is  likely  that  furnace  temperatures  measured  in  this  way  are  below  the  true 
values,  because  the  pyrometer  cover  would  radiate  an  appreciable  amount  of  heat  to 
the  surrounding  walls. 


Il8       THE    TESTING   OF  MOTIVE-POWER  ENGINES 

4.  The  quality  of  steam  delivered  by  the  boilers  of  locomotives 
under  constant  conditions  of  operation  is  high,  varying  somewhat  with 
different   locomotives    and   with    changes    in    the   amount    of    power 
developed,  between  the  limits  of  98-3  and  99*0  per  cent. 

5.  The  evaporative  efficiency  is   generally  a  maximum  when    the 
power  delivered   is  least.     Under  conditions  of  maximum  efficiency, 
most  of  the   boilers  tested   evaporated   between    10   and    12    Ibs.  of 
water   per   pound   of  dry  coal.     The   efficiency  falls  as   the   rate  of 
evaporation    increases.     When   the  power   developed    is    greatest,  its 
value  commonly  lies  between  limits  of  6  and  8  Ibs.  of  water  per  pound 
of  dry  coal. 

6.  The  observed  temperature  in  the  fire-box  under  low  rates  of 
combustion  lies  between  the  limits  of  1400°  F.  and  2000°  F.  depending 
apparently  upon    characteristics  of  the   locomotive.     As    the  rate  of 
combustion  is  increased,  the  temperature  slowly  increases,  maximum 
values  generally  lying  between  the  limits  of  2100°  F.  and  2300°  F. 

7.  The  smoke-box  temperature  for  all  boilers,  when  worked  at  light 
power,  is  not  far  from  500°  F.     As  the  power  is  increased  the  tempera- 
ture rises,  the  maximum  value  depending  upon  the  extent  to  which 
the  boiler  is  forced.     For  the  locomotives  tested,  it  lies  in  most  cases 
between  600°  F.  and  700°  F. 

8.  With  reference  to  grate  area,  the  results  prove  beyond  question 
that  the  furnace  losses  due  to  excess  of  air  are  not  increased  by  increasing 
the  area.     In  general,  it  appears  that  the  boilers  for  which  the  ratio  of 
grate  area  to  heating  surface  is  largest  are  those  of  greatest  capacity. 

9.  A  brick  arch  in  the  fire-box  results  in  some  increase  in  furnace 
temperature,  and  improves  the  combustion  of  the  gases. 

10.  The  loss  of  heat  through  imperfect  combustion  is  in  most  cases 
small,  except  as  represented  by  the  discharge  from  the  stack  of  solid 
particles  of  fuel. 

11.  Relatively  large  fire-box   heating  surface  appears  to  give  no 
advantage  either  with   reference  to  capacity  or  efficiency.     The  fact 
seems  to  be  that  the  tube-heating  surface  is  capable  of  absorbing  such 
heat  as  may  not  be  taken  up  by  the  fire-box. 

12.  The  value  of  the  Serve  tube  over  the  plain  tube  of  the  same 
outside  diameter,  either  as  a  means  for  increasing  capacity  or  efficiency, 
was  not  definitely  determined. 

13.  The  draught  in  the  front-end  for  any  given  rate  of  combustion, 
as  measured  in  inches  of  water,  depends  upon  the  proportions  of  the 
locomotive  and  the  thickness  and  condition  of  the  fire.     Under  light 
power,  its  value  may  not  exceed  an  inch,  but  it  increases  rapidly  as  the 
power  is  increased.     Representative  maximum  values  derived  from  the 
tests  lie  between  the  limits  of  5  and  8 '8  ins.  of  water. 

14.  Insufficient  openings  in  the  ash-pan  and  in  the  mechanism  at 
the  front  end  of  the  locomotive,  especially  the  diaphragm,  are  shown 
by  the  tests  to  lead  to  the  dissipation  of  considerable  portions  of  the 
draught  force. 

The  Engine. — 15.  The  indicated  horse-power  of  the  modern  simple 
freight  locomotive  tested  may  be  as  great  as  1000  or  noo;  that  of  a 
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modern   compound   passenger   locomotive    may    exceed    1600   horse- 
power. 

16.  The  maximum  indicated  horse-power  per  square  foot  of  grate 
surface  lies,  for  the  freight  locomotives,  between  the  limits  of  31*2  and 
2 1 -i ;  for  the  passenger  locomotives,  between  the  limits  of  33-5  and  28-1. 

17.  The  steam  consumption  per  indicated  horse-power  hour  neces- 
sarily depends   upon  the  conditions   of  speed  and  cut-off.     For   the 
simple  freight  locomotives  tested,  the  average  minimum  is  23*7.     The 
consumption  when  developing  maximum  power  is  23*8  and  when  under 
those  conditions  which  proved  to  be  the  least  efficient  29-0. 

1 8.  The   compound   locomotives    tested,   using   saturated    steam, 
consumed  from  i8'6  to  27  Ibs.  of  steam  per   indicated  horse-power 
hour.     Aided  by  a  superheater,  the  minimum  consumption  is  reduced 
to  1 6 '6  Ibs.  of  superheated  steam  per  hour. 

19.  In   general,    the   steam   consumption   of  simple   locomotives 
decreases  with  increase  of  speed,  while  that  of  the  compound  locomo- 
tive  increases.      From   this   statement    it   appears    that    the    relative 
advantages  to  be  derived  from  the  use  of  the  compound  diminish  as 
the  speed  is  increased. 

20.  Tests  under  a  partially  opened  throttle  show  that  when  the 
degree  of  throttling  is  slight  the  effect  is  not  appreciable.     When  the 
degree  of  throttling  is  more  pronounced,  the  performance  is  less  satis- 
factory than  when  carrying  the  same  load  with  a  full  throttle  and  a 
shorter  cut-off. 

21.  The  Locomotive  as  a  Whole. — The  percentage  of  the  cylinder 
power  which  appears  as  a  pull  in  the  draw-bar  diminishes  with  increase 
of  speed.     At  40  revolutions  per  minute,  the  maximum  is  94  and  the 
minimum  77  per  cent.  ;  at  280  revolutions  per  minute,  the  maximum  is 
87  and  the  minimum  62  per  cent. 

22.  The  loss  of  power  between  the  cylinder  and  the  draw-bar  is 
greatly  affected  by  the  character  of  the  lubricant.     It  appears  from  the 
tests  that  the  substitution  of  grease  for  oil  upon  axles  and  crank-pins 
causes  the  machine  friction  to  increase  by  75  to  100  per  cent. 

23.  The  coal  consumption  per  dynamometer  horse-power  hour  for 
the  simple  freight  locomotives  tested,  is  at  low  speeds  not  less  than 
3-5     Ibs.,     nor    more    than    4-5     Ibs.,    the    value    varying    with    the 
running  conditions.     At  the  highest  speeds  covered  by  the  tests,  the 
coal  consumption  for  the  simple  locomotives  increased  to  more  than 
5  Ibs. 

24.  The  coal  consumption  per  dynamometer  horse-power  hour  for 
the  compound  freight  locomotives  tested  is,  for  low  speeds,  between 
2*0  and  3*7  Ibs.     Results  at  higher  speeds  were  obtained  only  from 
a  two-cylinder  compound,  the  efficiency  of  which  under  all  conditions 
is  shown  to  be  very  high.     The  coal  consumption  per  dynamometer 
horse-power  hour  for  this  locomotive  at  the  higher  speeds  increases 
from  3*2  to  3*6  Ibs. 

25.  The  coal  consumption  per  dynamometer  horse-power  hour  for  the 
four  compound  passenger  locomotives  tested,  varies  from  2*2  to  more 
than    5    Ibs.    per  hour,  depending   upon  the  running  conditions.     In 
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the  case  of  all  these  locomotives,  the  consumption  increases  rapidly  as 
the  speed  is  increased. 

26.  A  comparison  of  the  performance   of  the   compound  freight 
locomotives  with  that  of  the  simple  freight  locomotives  is  very  favour- 
able to  the  compounds.     For  a  given  amount  of  power  at  the  draw-bar, 
the  poorest  compound  shows  a  saving  in  coal  over  the  best  simple 
which  will  average  above  10  per  cent,  while  the  best  compound  shows 
a  saving  over  the  poorest  simple  which  is  not  far  from  40  per  cent.     It 
should  be  remembered,  however,  that  the  conditions  of  the  tests,  which 
provide  for  the  continuous  operation  of  the  locomotives  at  constant 
speed  and  load  throughout  the  period  covered  by  the  observations,  are 
all  favourable  to  the  compound. 

27.  It  is  a  fact  of  more  than  ordinary  significance  that  a  steam 
locomotive  is  capable  of  delivering  a  horse-power  at  the  draw-bar  upon 
the    consumption    of  but  a  trifle  more  than  2  Ibs.  of  coal  per  hour. 
This  fact  gives  the  locomotive  high  rank  as  a  steam-power  plant. 

A  careful  analysis  of  these  tests  as  regards  the  "  Combustion  and 
Heat  Balances  in  Locomotives  "  was  given  in  Proc.  Inst.  Mech.  Eng., 
1908,  by  Mr.  L.  H.  Fry. 

Professor  Dalby  has  also  made  a  complete  analysis  of  the  results  of 
these  tests  on  a  basis  of  heat  transmission  per  square  foot  of  boiler 
heating  surface  ("  Characteristic  Heat  Diagrams  for  Steam  Locomo- 
tives," Engineering,  August  19,  26,  1910). 

Dynamometer  Horse-power. 

Let  F  =  measured  draw-bar  pull,  pounds, 

N  =  revolutions  per  minute  of  supporting  axles, 
D  =  diameter  of  supporting  wheels,  feet, 

F  x  TrD  x  N 
then        Dynamometer  horse-power  =  - — 

33,000 

Dynamometer  horse-power 
Over-all  mechanical  efficiency  =      ,    .-.— 

Indicated  horse-power 

It  should  be  noted  that  the  apparent  mechanical  efficiency  of  a 
locomotive  when  working  on  a  dynamometer  is  likely  to  be  rather 
greater  than  when  working  on  the  railroad  under  similar  operating 
conditions,  on  account  of  the  air  resistance  when  running  on  the  rail- 
road, of  which  little  or  no  account  is  taken  with  the  locomotive 
stationary  on  the  dynamometer. 

The  Great  Western  Railway  Company  have  installed  a  locomotive 
testing  plant  in  their  works  at  Swindon.1 

Testing  of  Motor-Cars. — Motor-cars  and  motor-waggons  are  often 
tested  on  the  road  for  the  purpose  of  measuring  the  fuel  consumption 
under  given  load  conditions,  and  also  with  the  object  of  testing  the 
hill-climbing  capacity  and  general  reliability.  Under  road  conditions 
it  is  practically  impossible  to  take  indicator  diagrams  from  the  engines, 
owing  to  the  high  speed  of  rotation,  the  excessive  jolting  and  vibration 
and  the  difficulty  of  access  to  the  engines  for  this  purpose ;  therefore  it 
is  rarely  attempted  on  the  road.  There  is  no  great  difficulty,  however, 

1   The  Engineer^  December  22,  1905. 
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in  obtaining  samples  of  the  exhaust  gases  from  oil  or  petrol  motors 
when  it  is  desired  to  test  the  character  of  the  combustion. 

It  is  evident  that  the  exigencies  of  road  locomotion  prevent 
uniform  conditions  being  obtained  over  any  lengthy  period,  unless  a 
special  track  is  used  for  the  purpose,  and  therefore  the  influence  of 
any  one  independent  variable  condition  cannot  be  satisfactorily  esti- 
mated except  by  testing  the  engines  or  motor  with  the  car  stationary. 

Certain  automobile  clubs  or  associations  periodically  organise 
competitive  trials  of  cars  both  under  the  ordinary  road  and  under  level- 
track  conditions.  For  detailed  information  as  regards  the  methods 
used  and  the  character  of  the  results  obtained  in  such  trials,  reference 
should  be  made  to  the  various  excellent  reports  which  have  been  issued 
by  such  associations.  They  often  make  use  of  certain  horse-power 
ratings  which  are  usually  based  upon  the  dimensions  of  the  engines. 

Many  motor-car  manufacturers  now  test  all  the  motor-engines  which 
they  build  before  placing  them  in  position  on  the  car,  partly  with  the 
object  of  getting  the  engines  into  running  condition,  and  partly  to  get 
the  proper  setting  of  the  various  connected  parts  to  ensure  reliable 
and  economical  working.  For  such  testing  purposes  the  Prony  type 
of  brake  (Fig.  72,  p.  82)  is  both  useful  and  economical,  though  some 
prefer  to  connect  the  engine  shaft  to  a  standard  dynamo  of  known 
efficiencies.  As  mentioned  on  p.  51,  the  ordinary  piston  type  of 
indicator  is  practically  useless  at  the  high  speeds  obtainable  on  these 
engines,  the  manograph  type  (Fig.  39,  p.  51)  being  better  adapted  for 
high  speeds  if  carefully  manipulated. 

Some  car  manufacturers  also  test  the  completed  cars  on  a  specially 
built  dynamometer.  This  usually  consists  of  an  axle  running  in  ball 
or  roller  bearings  to  reduce  frictional  resistance,  and  on  which  two 
plain  supporting  wheels  are  fixed.  The  two  driving  wheels  of  the  car 
run  on  the  supporting  wheels  and  thereby  transmit  the  power  developed 
to  the  axle  of  the  dynamometer,  being  there  absorbed  by  means  of 
a  brake  or  a  coupled  dynamo.  The  car  would  be  suitably  anchored  by 
means  of  horizontal  guy  rods.  The  ratio  between  the  power  developed  at 
the  dynamometer  axle  and  the  indicated  horse-power  at  the  engines  repre- 
sents the  over-all  mechanical  efficiency  of  the  engine  and  car  mechanism. 

If  the  pull  of  the  car  is  measured  it  is  hardly  necessary  to  obtain  the 
shaft  horse-power  at  the  dynamometer.  The  pull  can  be  conveniently 
measured  by  allowing  it  to  be  exerted  upon  a  calibrated  diaphragm 
pressure  gauge.  The  connection  between  the  diaphragm  gauge  and 
the  back  axle  of  the  car  should  be  made  by  means  of  two  horizontal 
rods  on  a  level  with  the  centre  of  the  back  axle,  and  it  is  advisable  to 
provide  side  stays  to  keep  the  car  in  position  sideways.  To  measure 
the  pull  of  a  car  accurately,  every  care  needs  to  be  taken  to  see  that  the 
supporting  points  at  the  four  wheels  are  at  the  same  level,  and  that  the 
centres  of  the  car  axles  are  directly  over  the  centres  of  the  dynamometer 
wheels. 

It  is  evident  that  the  character  of  the  contact  between  the  rubber 
tyre  and  the  face  of  the  supporting  wheel  is  altogether  different  to  that 
obtained  under  road  conditions,  and  attempts  have  been  made  to 
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imitate  the  road  conditions  by  introducing  leather  or  cotton  belts 
to  run  on  the  supporting  wheels  so  that  the  flexible  tyre  of  the  car 
wheels  would  rest  on  the  belt.  Such  belts  require  to  be  kept  tight  in 
order  to  prevent  the  slightest  oscillation,  or  they  are  liable  to  cause  the 
car  to  tug  in  a  violent  manner,  and  thus  to  make  accurate  readings  of 
the  dynamometer  impossible.  The  wear  or  abrasion  of  the  rubber 
tyres  is  sometimes  excessive,  probably  due  to  the  imperfect  contact 
causing  undue  slip. 

The  method  of  calculating  the  dynamometer  horse-power  and  the 
mechanical  efficiency  is  similar  to  that  given  on  p.  120. 

Measurement  of  Acceleration. — The  rate  of  acceleration  of  a  start- 
ing train  or  the  rate  of  retardation  of  a  stopping  train  or  similar  vehicle 
is  often  a  matter  of  considerable  importance,  and  comparisons  in  this 
respect  have  often  to  be  made  between  different  types  of  locomotives 
or  similar  motors  and  between  different  types  of  brakes. 

It  is  well  known  that  the  inertia  of  a  body  causes  it  to  resist  a 
change  of  velocity.  If  a  pendulum,  for  example,  were  hung  in  a  rail- 
way tram  so  that  it  could  move  freely  in  the  plane  of  the  train's  motion, 
the  pendulum  would  hang  vertically  so  long  as  the  train  was  at  rest  or 
moving  uniformly.  If,  however,  the  velocity  increased,  the  pendulum 
would  lag  behind  by  an  amount  depending  upon  the  rate  of  increase  of 
velocity  or  acceleration.  Although  the  ordinary  type  of  pendulum  is 
not  a  practicable  instrument  for  the  accurate  measurement  of  accelera- 
tion, the  principle  is  made  use  of  in  all  types  of  accelerometers. 

One   of  the  most  accurate   of  accelerometers  is  the  invention  of 


Direction  of  Morion 


FIG.  93. — Wimperis  accelerometer. 


FIG.  94. — Diagrammatic  out- 
line of  Wimperis  accelerometer. 


Mr.  H.  E.  Wimperis,  and  is  manufactured  by  Elliot  Bros.,  London.  A 
general  view  of  this  accelerometer,  which  measures  4  ins.  across  the 
face,  is  given  in  Fig.  93  ;  whilst  Fig.  94  shows  the  essential  parts  in 
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diagrammatic  form.  Here  C  is  the  outer  brass  case  ;  L  are  the  legs  on 
which  the  instrument  stands,  one  of  them  being  a  levelling  leg  ;  D  is 
a  copper  disc  pivoted  on  a  vertical  axis  and  capable  of  rotation ;  M 
is  a  magnet  for  "  damping  "  magnetically  the  motion  of  the  disc  D  ; 
H  is  a  small  hole  in  the  copper  disc — the  presence  of  which  has  the 
effect  of  throwing  the  centre  of  gravity  of  the  disc  slightly  out  of  the 
axis ;  G  are  two  gear  wheels  of  equal  diameter,  one  being  fastened  to 
the  axis  bearing  the  disc,  and  the  other  on  a  separate  axis  and  carrying 
the  long  pointer  N.  A  coiled  spring — not  shown  in  the  diagram,  but 
resembling  the  mainspring  of  a  watch — is  also  fitted  to  the  disc,  so  as  to 
bring  the  pointer  back  to  the  zero  position  when  deflected. 

When  the  instrument  is  caused  to  accelerate  in  the  direction  of  the 
arrow  the  heavier  side  of  the  disc  tends  to  lag  behind.  This  causes  a 
partial  rotation  of  the  disc  and  of  the  small  gear  wheel  fastened  to  it, 
which  in  turn  causes  a  partial  rotation  of  the  second  gear  wheel  and  of 
the  long  pointer  N.  The  pointer  moves  over  a  scale  graduated  in 
acceleration  in  feet  per  second  per  second.  If  during  this  observation 
a  second  acceleration  at  right  angles  to  the  first  were  introduced,  also 
in  the  plane  of  the  paper — an  effect  which  would  be  caused  by  the 
vehicle  swinging  round  a  corner,  or  getting  on  to  a  track  that  sloped 
sideways — then  a  force  would  be  introduced  which  would  tend  further 
still  to  rotate  the  disc — and  so  render  its  reading  a  false  one.  This 
ill  effect  is  neutralized  by  the  action  of  the  second  gear  wheel  and 
needle,  which  are  so  proportioned  as  to  form  a  dynamic  balance  with 
the  copper  disc.  The  readings  are,  therefore,  correct  for  the  accelera- 
tion indicated  by  the  arrow  in  the  figure,  even  when  the  vehicle  is 
affected  by  gradients  or  accelerations  at  right  angles  to  the  direction  of 
motion.  This  fact,  that  the  instrument  records  accelerations  in  one 
only  of  the  three  directions  of  space,  is  one  that  distinguishes  it  from 
most  other  attempts  that  have  been  made  in  the  past  to  deal  with  this 
problem. 

The  most  important  uses  to  which  this  instrument  can  be  put  are  the 
following : — 

1.  Measurement  of  the  starting  acceleration  and  the  retardation  due 
to  stopping  of  steam  and  electric  trains,  trams,  buses,  motor-cars,  steam- 
ships, etc. 

2.  Measurement  of  retardation  due  to  frictional  resistances  when 
"  coasting  "  with  the  power  cut  off,  and  comparative  measurements  of 
braking  efficiency  of  various  systems  of  braking. 

3.  Measurement  of  tractive  effort  of  steam  locomotives,  etc.,  and  of 
the  brake  horse-power  of  the  petrol  engines  of  motor-cars  when  running 
on  the  road. 

4.  Measurements  of  slopes  and  gradients,  including  any  road  surface 
up  or  down  which  a  vehicle  may  be  passing  at  a  steady  speed. 

As  mentioned  previously,  an  important  feature  of  the  instrument  is 
that  it  singles  out  and  reads  the  acceleration  produced  by  the  driving 
force  operating  on  the  vehicle,  and  it  is  thus  independent  of  the  effect 
of  gravitational  forces  which  may  affect  the  vehicle.  Thus,  if  a  tramcar 
is  fitted  with  electric  motors  powerful  enough  to  give  the  car  when  on  a 
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level  track  a  starting  acceleration  of  say  2-2  ft.  per  second  per  second, 
the  instrument  would  still  read  2-2  even  if  the  start  were  made  up  or 
down  a  slope  of  say  i  in  30,  provided,  of  course,  the  same  starting 
torques  or  moments  operated  on  the  motors  as  when  starting  on  the 
level.  If  the  instrument  were  to  read  2*2  when  the  car  was  running  up 
an  incline  at  a  uniform  speed,  the  acceleration  effect  of  the  motive 
power  would  then  be  exactly  balanced  by  the  opposite  retardation  effect 
due  to  the  hill  slope,  and  as  the  latter  would  be  equal  to  g  sin  <£  (where 
g  is  the  gravitational  constant  and  </>  the  angle  of  the  slope),  the  instru- 
ment reading  would  be  a  measure  of  the  slope,  which  is  evidently 
expressed  by— 

2-2 
sm  <£  =  — ,  or  i  in  15  nearly. 

O 

The  dial  is  graduated  in  red  figures,  so  as  to  enable  these  gradient 
measurements  to  be  made  without  any  calculation  whatever. 

This  principle  applies  also  to  the  retardation  due  to  the  frictional 
forces  of  the  brakes ;  in  each  case  the  instrument  acts  selectively  and 
shows  the  negative  acceleration  due  to  those  forces  alone. 

When  a  vehicle  is  "coasting"  with  the  power  cut  off,  the  measure- 
ment of  the  retardation  in  pounds  per  ton  due  to  frictional  resistance  is 
a  measure  of  the  road  resistance,  and  is  obtained  by  multiplying  the 
instrument  reading  by  70.  The  constant  70  is  got  by  dividing  the 
number  of  pounds  in  a  ton  by  the  gravitational  constant  of  32  ft.  per 
second  per  second.  To  make  measurements  of  the  tractive  effort  of 
steam  or  electric  locomotives  at  different  speeds,  the  measured  road 
resistance  for  the  particular  speed — obtained  as  described  above — 
should  be  added  to  the  acceleration  reading  multiplied  by  70.  For 
example,  if  an  electric  train  were  proceeding  at  a  particular  speed  and 
the  acceleration  reading  was  1*2,  and  the  road  resistance  of  the  train  at 
this  speed  had  previously  been  found  to  be  20  Ibs.  per  ton  with  the 
same  train  load,  then  the  corresponding  tractive  effort  would  be 
(20  +  1*2  X  70)  =  104  Ibs.  per  ton  of  effective  load. 

The  brake  horse-power  of  the  petrol  engine  of  a  motor-car  can  be 
measured  by  observations  such  as  have  been  just  described. 

Let  F  =  total  resistance  (including  frictional  resistance  between  engine 
and  road  wheels),  Ibs.  per  ton,  at  speed  N  miles  per  hour, 
W  =  weight  of  car  and  load,  tons. 
Then-  EHr^FxWXN 

375 

It  should  be  noted  that  the  effective  load  takes  account  of  the  inertia 
of  the  rotating  parts  as  well  as  of  the  dead  load.  If  I  is  the  moment 
of  inertia  of  the  rotating  parts  relatively  to  the  centres  of  rotation,  and 
R  is  the  radius  of  the  road  wheels,  the  effective  load  is  obtained  by 

adding  the  value  ^  to  the  dead  load. 

Some  interesting  results  obtained  by  means  of  the  accelerometer  were 
given  in  a  paper  by  Mr.  Wimperis.1 

1  British  Assoc.,  Sect.  G,  1910,  or  The  Engineer  or  Engineering,  Sept.  16,  1910, 
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TESTING    OF  STEAM  ENGINES  AND   STEAM 
TURBINES 

THE  importance  of  engine  testing  has  become  more  widely  recognized 
within  recent  years  by  both  makers  and  users  of  power  plant,  and  for 
most  of  the  important  contracts,  makers  have  to  guarantee  certain  per- 
formances under  severe  penalties  for  non-fulfilment.  The  arrangements 
usually  made  for  commercial  tests  have  in  view  the  recording  of  those 
observations  only  which  may  be  necessary  for  the  particular  objects 
of  the  test,  say,  to  determine  the  steam  consumption  and  mechanical 
efficiency  at  one  or  more  loads,  and  sometimes  the  speed  variations 
allowed  by  the  governor  due  to  sudden  and  also  due  to  gradual  changes 
of  load.  Many  makers  of  high-speed  engines  and  steam  turbines  have 
special  test-beds  in  the  works  where  such  engines  of  moderate  size  can 
be  tested  before  delivery,  but  large  engines  would  probably  be  tested 
after  erection  on  the  permanent  site. 

When  an  engine  is  permanently  installed  for  experimental  purposes 
in  an  engineering  laboratory,  the  detail  testing  arrangements  are  usually 
more  elaborate  than  for  commercial  testing,  especially  if  the  engine  is 
intended  for  research  work  as  well  as  for  the  teaching  of  experimental 
methods  to  students.  But  whether  an  engine  was  to  be  tested  for  com- 
mercial or  for  scientific  purposes,  there  are  the  fundamental  conditions 
mentioned  on  p.  2  which  should  not  be  violated  unless  the  circum- 
stances are  exceptional.  In  the  case  of  a  reciprocating  steam  engine 
or  steam  turbine  the  variable  running  conditions  which  could  be  in- 
dependently altered  may  be  enumerated  as  follows  : — 

(i)  Initial  steam  pressure.  (2)  Back  pressure.  (3)  Cut-off  or 
number  of  expansions  (for  reciprocating  engines).  (4)  Quality  and 
condition  of  the  steam  supply.  (5)  Speed  of  rotation.  (6)  Internal 
cylinder  conditions.  (7)  Structural  alterations,  such  as  the  number  of 
cylinders  in  series,  and  modifications  of  the  steam  passages  or  valves  for 
reciprocating  engines,  or  of  the  arrangements  of  the  blades,  nozzles  and 
the  number  of  stages  in  steam  turbines. 

It  is  evident  that  any  one  or  all  of  these  conditions  could  be  altered 
independently  and  that  each  will  have  an  influence  on  the  performance 
of  an  engine  quite  independent  of  the  other  conditions.  Therefore, 
when  a  series  of  tests  are  contemplated,  they  should  be  so  arranged  that 
not  more  than  one  of  these  independent  variables  shall  be  altered 
during  one  set  of  tests.  For  example,  if  the  effect  of  the  initial  steam 


126       THE    TESTING    OF  MOTIVE-POWER  ENGINES 

pressure  on  the  engine  performance  were  required,  all  the  other  condi- 
tions would  be  maintained  as  constant  as  possible  at  some  pre-arranged 
values.  When  one  set  was  finished,  the  influence  of  a  second  in- 
dependent variable  condition  could  be  obtained,  as,  for  instance,  the 
effect  of  varying  the  number  of  expansions,  keeping  all  other  conditions 
as  constant  as  possible.1  Under  some  circumstances  it  is  necessary  to 
vary  more  than  one  of  the  above-mentioned  variable  conditions  simul- 
taneously, as  in  the  case  of  the  trial  trips  of  marine  vessels,  where 
speed  is  the  fundamental  variable  condition.  An  alteration  in  the  speed 
of  a  vessel  driven  by  steam  engines  or  turbines  not  only  requires  an 
alteration  of  the  engine  speed,  but  also  requires  a  variation  of  either  the 
initial  steam  pressure  or  the  number  of  expansions,  or  perhaps  a  simul- 
taneous alteration  of  all  these  three  conditions. 

An  engine  should  be  run  for  a  sufficient  period  before  a  test  is 
commenced  so  as  to  obtain  uniform  conditions,  and  all  the  running 
conditions  should  then  be  maintained  as  constant  as  possible  through- 
out the  test.  Very  small  steam  engines  or  turbines  might  obtain  steady 
temperature  conditions  within  half  an  hour  or  so  after  the  starting  up, 
but  moderate-sized  engines  should  be  run  for  at  least  an  hour  before  a 
test  is  commenced.  A  shorter  period  usually  suffices  between  one  test 
and  the  next  if  the  engine  is  kept  running. 

There  are  certain  important  particulars  in  the  arrangements  to  be 
made  for  a  series  of  engine  tests  which  should  receive  careful  considera- 
tion. A  good  steam  separator  should  be  placed  as  near  to  the  high- 
pressure  steam-chest  as  possible,  and  should  be  arranged  so  that  the 
water  can  be  discharged  from  the  separator  freely.  When  the  available 
boiler  pressure  is  much  higher  than  that  which  is  required  at  the  engine, 
it  is  advisable  to  introduce  a  throttling  valve  on  the  boiler  side  of  the 
steam  separator,  so  that  the  steam  pressure  could  be  throttled  before 
the  contained  moisture  is  separated.  If  the  throttling  had  to  take  place 
at  the  engine  stop  valve,  that  is,  after  the  steam  had  passed  through  the 
separator,  the  steam  might  be  slightly  superheated  in  the  steam-chest 
when  it  was  supposed  to  be  only  saturated,  thereby  affecting  the  steam 
consumption.  If  the  engine  were  intended  to  be  governed  by  a  throttle 
valve,  then  the  previously  mentioned  special  throttling  valve  would 
perhaps  hardly  be  necessary.  The  exhaust  pipe  between  the  engine 
and  the  condenser  should  be  as  short  as  possible,  and  if  possible  the 
top  of  the  condenser  should  be  arranged  to  be  below  the  level  of  the 
cylinder  exhaust  port.  All  the  various  drain  pipes  from  the  cylinders 
and  steam-chests  should  have  the  ends  well  in  sight,  so  that  any 
leakage  could  be  easily  seen,  or  else  these  drain  pipes  should  be 
directly  connected  to  the  condenser,  so  that  leakage  would  be  taken 
into  account,  except  that  the  steam  separator  and  the  high-pressure  steam- 
chest  drainage  could  be  allowed  to  run  to  waste  if  this  were  agreed 
upon.  If  the  condenser  had  any  other  exhaust  connections  besides  that 
of  the  engine  under  test,  such  should  either  be  completely  detached  and 
blind  flanges  used,  or  blank  iron  plates  should  be  inserted  between  the 

1  To  study  the  influence  of  steam  pressure  and  number  of  expansions  over  a  large 
range  of  both  these  independent  variables,  refer  to  p.  146. 
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flanges  at  the  condenser,  each  plate  shaped  with  a  small  projecting  por- 
tion so  that  it  could  be  easily  seen.  Since  all  ordinary  valves  are  more 
or  less  leaky,  a  valve  should  not  be  relied  upon  to  prevent  leakage  into 
a  condenser. 

A  steam-jacketed  engine  under  test  should  have  the  jacket  drains 
connected  up  to  a  well-covered  calibrated  measuring  vessel,  fitted  with 
a  gauge-glass  similar  to  that  shown  in  Fig.  95  ;  and  the  condensed 
jacket  steam,  after  periodical  measurement  in  the  vessel,  could  be  blown 
away  or  sent  to  the  hot  well  to  be  weighed  along  with  the  condensed 
steam  from  the  engine  cylinders.  For  commercial  tests  one  or  two 
measuring  vessels  with  several  jacket  drains  connected  to  each  would 
probably  be  sufficient ;  but  for  laboratory  work  it  would  be  more  satis- 
factory to  install  a  separate  measuring  vessel  for  each  separate  jacket, 
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FIG.  95. — Vessel  for  measuring  con- 
densed steam  from  steam-jackets. 


FIG.  96. — Thermometer 
pocket  with  guard. 


especially  if  the  engine  were  fairly  large.  It  is  also  advisable  to  have 
a  reducing  valve  placed  on  the  steam  inlet  jacket  pipes  to  all  the 
cylinders,  so  that  any  desired  steam  pressure  up  to  the  boiler  pressure 
could  be  maintained  in  each  jacket. 

For  important  tests  the  steam  pressure  and  temperature  should  be 
measured  in  the  steam  inlet  pipe  on  the  boiler  side  of  the  engine  stop- 
valve ;  in  the  high-pressure  steam-chest ;  in  all  receivers  between  the 
various  cylinders;  in  all  the  steam  jackets;  and  in  the  exhaust  pipe 
near  the  engine.  Each  pressure  gauge  should  have  a  siphon  con- 
nection, and  should  be  provided  with  a  cock,  and,  if  possible,  each 
gauge  should  have  a  pressure  range  adapted  to  the  particular  pressure 
to  be  measured.  All  thermometer  pockets  should  be  conveniently 
placed  so  that  the  thermometer  could  stand  in  or  nearly  in  the  vertical 
position.  The  pockets  should  be  thin  walled,  made  of  brass  or  steel, 
and  long  enough  so  as  to  project  several  inches  into  the  body  of  steam 
when  screwed  into  position  (see  Fig.  96).  The  hole  in  the  pocket 
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might  be  made  \  in.  to  f  in.  diameter,  and  since  steel  would  probably 
corrode  and  the  coating  of  rust  might  affect  the  thermometer  reading, 
it  is  generally  satisfactory  to  use  brass  pockets  for  permanent  laboratory 
plant,  the  walls  being  made  as  thin  as  possible  to  restrain  the  flow  of 
heat  from  the  end  of  the  pocket  towards  the  head.  In  order  to 
increase  the  thermal  contact  between  the  thermometer  and  the  pocket, 
it  is  best  to  place  a  little  mercury  in  the  pocket  so  that  the  thermometer 
bulb  is  immersed ;  but  if  too  much  mercury  is  inserted,  it  might  float 
the  thermometer.  Engine  oil  is  often  used  instead  of  mercury  for 
ordinary  conditions  of  operation.  A  metal  guard  G  might  be  screwed 
into  the  thermometer  pocket,  as  shown  in  Fig.  96,  to  protect  the 
thermometer  against  breakage  and  to  prevent  heat  radiations  from 
the  thermometer.  This  guard  should  have  a  longitudinal  slot  so  that 
the  thermometer  can  be  read  in  position,  and  should  be  well  covered 
with  a  good  non-conductor  to  reduce  the  loss  of  heat  from  the  guard, 
for,  if  such  loss  were  allowed,  a  temperature  gradient  in  the  metal  of 
the  pocket  might  be  required  to  keep  up  the  flow  of  heat. 

The  speed  of  the  engine  should  be  obtained  by  means  of  a  positively 
driven  fixed  counter. 

Laboratory  Steam  Engine. — The  most  suitable  type  of  engine  for 
experimental  purposes  would  largely  depend  upon  the  circumstances 
connected  with  the  installation.  If  it  were  intended  solely  for  teaching 
purposes,  then  a  comparatively  small  and  simple  engine  would  be 
sufficient,  whereas,  if  intended  for  extensive  research,  a  moderate-sized 
engine  would  be  desirable  to  obtain  good  results  of  commercial  value, 
though  the  design  would  evidently  depend  largely  upon  the  particular 
type  of  engine  to  which  the  experiments  were  intended  to  be  applicable. 
Generally  speaking,  a  horizontal  engine  is  more  convenient  for  experi- 
mental testing  purposes  than  a  vertical  engine,  as  it  is  much  easier 
to  arrange  convenient  positions  for  all  the  thermometers,  gauges, 
indicators,  etc. 

The  importance  of  the  temperatures  of  the  cylinder  walls,  the  steam 
and  exhaust  port  walls,  and  the  metal  of  the  steam  and  exhaust  valves, 
is  now  more  widely  recognized  than  formerly.  Some  idea  can  be 
obtained  as  regards  suitable  arrangements  for  measuring  the  mean 
cylinder  wall  temperatures  by  means  of  mercury  thermometers  from 
a  paper  by  Professor  Mellanby ; l  and  an  interesting  description  of  the 
detail  arrangements  of  the  same  engine  would  be  found  in  a  paper  by 
Professor  J.  T.  Nicolson.2  These  papers  are  well  worth  the  careful 
study  of  those  who  are  contemplating  the  design  of  a  laboratory  engine, 
not  perhaps  with  a  view  to  simply  copying,  but  as  an  example  of  an 
engine  which  was  designed  for  systematic  experimental  work. 

For  a  more  detailed  consideration  of  the  methods  used  for  measuring 
the  temperature  of  a  cylinder  wall,  refer  to  pp.  72-76. 

Condensers  for  Steam  Engines. — The  best  and  most  accurate 
method  of  measuring  the  steam  consumption  of  an  engine  is  to  con- 
dense the  exhaust  steam  in  a  surface  condenser,  and  to  weigh  the 

1  Proc.  Inst.  Mech.  Eng.,  June,  1905. 

2  Manchester  Association  of  Engineers,  April  25,  1903. 
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condensed  steam  as  it  leaves  the  hot  well.  The  usual  type  of  surface 
condenser  consists  of  a  series  of  horizontal  brass  tubes  which  are 
inserted  into  brass  tube  plates,  the  ends  of  the  tubes  being  packed 
by  means  of  screwed  glands  so  as  to  allow  the  tubes  to  expand 
longitudinally,  and  at  the  same  time  preventing  the  leakage  of  circu- 
lating water  to  the  steam  side  of  the  tubes.  The  steam  is  usually 
condensed  on  the  outside  of  the  tubes,  and  the  circulating  water  flows 
through  the  tubes. 

The  air-pumps  may  be  either  of  the  wet  or  the  dry  air  types,  but  with 
the  latter  the  design  should  be  arranged  so  that  air  only,  with  what 
vapour  the  air  would  naturally  carry,  should  be  discharged.  If  a  wet 
air-pump  is  used,  the  discharge  pipe  should  be  provided  with  a  suitable 
vent  so  that  the  air  could  easily  escape  to  the  atmosphere  as  soon  as 
possible ;  otherwise  the  discharge  of  water  into  the  weighing  tanks 
might  take  place  in  gulps.  In  some  installations  the  air-pumps  are 
coupled  direct  to  the  engine,  but  for  laboratory  work  it  is  much  the 
better  to  drive  the  air-pumps  independently,  preferably  by  means 
of  a  variable-speed  electric  motor.  For  experimental  work  it  is  some- 
times convenient  to  have  a  small  pet  cock  on  the  condenser  in  order 
to  be  able  to  regulate  the  vacuum  easily  ;  but  it  is  preferable  to  place 
this  pet  cock  near  the  condenser  air  outlet  or  in  the  air-pump  suction 
pipe,  because  otherwise  the  introduction  of  air  into  the  condenser  would 
have  a  tendency  to  reduce  the  rate  of  heat  transmission  from  the  steam 
to  the  condenser  tubes. 

The  dimensions  of  the  weighing  tanks  for  the  condensed  steam 
should  not  be  less  than  would  be  sufficient  for  about  fifteen  or  twenty 
minutes'  steam  consumption  at  full  load,  and  it  is  best  to  have  these 
tanks  well  covered  to  prevent  excessive  evaporation.  For  accurate 
work  two  tanks  might  be  used,  each  placed  on  the  platform  of  a  tested 
weighing  machine,  using  a  swivel  change  over  connection  on  the  hot- 
well  discharge  pipe.  If  weighing  machines  were  not  available  the 
covered  measuring  tanks  could  be  made  as  described  on  p.  183,  Fig.  120, 
but  in  any  case  the  discharge  cock  on  each  tank  should  be  placed  at 
the  bottom,  so  as  to  be  able  to  empty  the  tank  completely  in  not  greater 
than  about  half  the  time  which  is  required  to  fill  it  at  the  maximum  rate 
expected.  (For  calculation  of  approximate  cock  diameter,  refer  to 
p.  225.)  In  large  installations,  however,  the  orifice  methods  of  measuring 
the  condensed  steam  might  be  used  if  means  are  provided  for  accurate 
measurements  of  the  water-levels  (see  p.  224). 

A  surface  condenser  should  be  periodically  tested  for  the  leakage  of 
water  during  the  course  of  a  series  of  engine  tests,  that  is,  if  possible, 
after  each  day's  run.  A  common  method  of  testing  for  leakage  is  to 
run  the  condenser  at  the  normal  vacuum  and  with  the  usual  quantity  of 
circulating  water  flowing,  after  the  engine  is  shut  down,  and  to  watch 
the  discharge  from  the  hot  well.  If  the  discharge  practically  ceases 
within  about  ten  minutes  or  so  after  the  engine  is  shut  down,  and  no 
steam  leakage  occurs,  the  tubes  could  be  assumed  to  be  quite  tight,  but 
if  the  discharge  continued  in  appreciable  quantities,  leakage  of  circu- 
lating water  to  the  steam  side  of  the  tubes  could  be  inferred,  and  a 
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leakage  allowance  could  then  be  approximately  determined  by  running 
the  condenser  until  the  discharge  became  practically  uniform,  the  rate 
then  being  measured.  There  is  no  guarantee,  however,  that  the  result 
would  represent  the  actual  rate  of  leakage  during  the  test.  If  the 
condenser  leakage  measurement  represented  an  appreciable  proportion 
of  the  total  discharge  obtained  under  running  conditions,  the  tubes 
should  be  withdrawn  if  a  split  tube  was  suspected,  and  afterwards 
carefully  repacked.  If  the  circulating  water  was  drawn  from  a  river  or 
canal,  and  happened  to  be  contaminated,  in  some  cases  an  excessive 
leakage  could  be  detected  by  the  characteristic  odour  and  frothiness  of 
the  air-pump  discharge.  It  should  always  be  borne  in  mind  that  the 
leakage  of  condenser  tubes  may  vary  considerably  from  day  to  day,  so 
that  if  a  leaky  condenser  had  to  be  used  for  testing  the  steam  con- 
sumption of  an  engine,  the  leakage  test  should  at  least  be  made  at  the 
end  of  each  day's  run. 

Chemical  tests  have  been  proposed  to  measure  the  leakage  of  a 
condenser,  but  such  methods  are  not  likely  to  be  satisfactory,  except 
perhaps  under  very  exceptional  circumstances.  The  method  usually 
consists  in  placing  common  salt  in  the  circulating  water,  and  then 
testing  for  salt  in  the  condensed  steam.  The  objections  to  the  method 
are  the  general  inconvenience  and  the  possibility  of  salt  being  carried 
over  with  wet  steam  from  the  boiler  if  any  salt  happened  to  be  present 
in  the  boiler  feed. 

To  obtain  a  complete  heat  account  in  an  engine  test,  it  is  necessary 
to  measure  the  heat  given  to  the  condensing  or  circulating  water  by 
making  observations  on  the  inlet  and  outlet  water  temperatures  and 
measuring  the  rate  of  water  flow. 

If  a  surface  condenser  was  not  available,  and  the  engine  was  con- 
nected up  to  some  type  of  jet  condenser  or  to  an  ejector  condenser, 
an  approximate  measurement  of  the  steam  consumption  would  be 
possible  if  the  jet  condenser  was  suitably  arranged.  This  method 
requires  the  measurement  of  the  quantity  of  condensing  water  used, 
together  with  the  inlet  and  outlet  temperatures,  the  condensed  steam, 
of  course,  passing  out  with  the  condensing  water.  To  ensure  that  the 
exhaust  steam  passing  to  such  a  condenser  should  be  practically  dry,  it 
is  preferable  to  cover  the  exhaust  pipes  and  condenser  with  some  non- 
conductor covering,  and  to  introduce  a  covered  separator  near  to  the 
condenser  at  the  lowest  point  of  the  exhaust  line.  If  a  gauge  glass 
could  be  introduced  and  the  separator  calibrated,  the  rate  at  which  the 
water  accumulated  in  the  separator  could  be  measured  periodically  and 
could  be  allowed  to  drain  into  the  condenser;  or  if  the  bottom  of 
the  condenser  was  at  the  same  level  or  higher  than  the  separator, 
the  water  might  be  withdrawn  periodically  by  means  of  a  special 
water-pump.  The  inlet  and  outlet  water  temperatures  could  be  con- 
veniently measured  by  mercury  thermometers  inserted  into  vertical  or 
nearly  vertical  pockets  so  as  to  project  well  into  the  pipes,  and  the 
amount  of  condensing  water  used  could  be  determined  by  one  of  the 
methods  described  on  pp.  222-225  and  illustrated  in  Figs.  130,  132, 
and  133. 
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Let  A°  F.    =  average  inlet  temperature  of  the  condensing  water. 
/2°  „    =       „       outlet         „  „  „  „ 

4°  »    =       »       exhaust  temperature  at  condenser  inlet. 

L  =  latent  heat  per  pound  saturated  steam  at  /0°  F.,  B.Th.U. 
VV  Ibs.  =  quantity   of    (condensing   water  -f  steam   condensed) 

per  hour. 

w  „    =  steam  condensed  per  hour. 

;//  „    =  measured    amount    of    water    collected    in    exhaust 
separator  per  hour. 

Then,  Weight  of  condensing  water  supplied  per  hour  =  (W  —  w)  Ibs. 
Heat  given  to         „  „  „  „        =  (W  -  w)(/2  -  A) 

B.Th.U. 
Heat  given  up  by  steam  per  hour  =  w(L  +  4  —  4) 

B.Th.U. 
If  no  loss  of  heat  occurred  externally,  then  — 

w(L  +  /0  -  4)  =  W(/a  -  A)  -  w(/8  ~  A) 


Thus,  total  steam  used  per  hour  =  (w  -f-  w)  Ibs. 

If  it  was  not  convenient  to  introduce  an  exhaust  steam  separator 
into  the  exhaust  pipe,  and  the  quality  of  the  steam  entering  the  engine 
was  approximately  known,  a  rough  estimate  of  the  steam  consumption 
could  be  obtained  from  the  jet  condenser  measurements,  provided  that 
the  indicated  horse-power  was  measured  and  an  allowance  made  for  the 
loss  of  heat  by  radiation,  say  two  or  three  per  cent,  of  the  total  heat 
supply  at  full  load  in  a  well-covered  engine.  Then,  considering  the 
heat  in  the  steam  above  that  in  water  at  the  outlet  condensing  water 
temperature  (4°  F.)— 

Heat  supplied 

by  steam  (above 

water  heat  at 

4°  F.) 


(  Heat  equiva-  , 
Heat  given  to)      (  .  n,  J?*JL  radiation 


water 


!,       .  •  lent  of  work    •    , 

condensing    \+\  -f 


done  in 
cylinders 


from  engine 
and  exhaust 
connections. 


That  is,  if  H  =  heat  in  each  pound  steam  supply  at  engine  stop  valve, 
above  water  at  4°  F.,  B.Th.U. 

.  heat  lost  by  radiation 
t  =  assumed  value  of  heat  in  steam  suppiy  - 

then  „«(!  -*)  =  (W  -  »)  (4  -  A)  +  ""»*  33.000X60 

Wfe-A)  +  I.H.P.  x  2545  , 
«-         H(i-*)  +  (4-A)     -lbs- P^  hour 

The  jet  condenser  method  should  not  be  adopted  when  the  accurate 
measurement  of  steam  consumption  is  important,  but  for  approximate 

1  The  small  amount  of  heat  due  to  allowing  the  m  Ibs.  of  water  to  flow  into  the 
condenser  is  neglected. 


132       THE    TESTING   OF  MOTIVE-POWER  ENGINES 


results  of  a  preliminary  character  it  could  be  used  with  advantage. 
Should  it  happen  to  be  convenient  to  isolate  completely  the  boilers 
which  supply  an  engine  under  test  with  steam,  and  the  amount  of  feed 
water  pumped  into  the  boilers  could  be  measured  by  any  of  the 
methods  described  on  pp.  182-184,  such  measurement  would  represent 
the  steam  consumption,  provided  no  leakage  of  steam  or  water  occurred 
at  the  feed  pump  and  boiler  system.  The  danger  of  leakage  at  blow-off 
and  safety  valves,  and  the  length  of  time  required  to  obtain  anything 
like  a  reliable  measurement  of  the  feed  supply,  on  account  of  the 
difficulty  in  estimating  the  starling  and  finishing  levels  in  the  boiler, 
renders  this  method  much  less  satisfactory  than  the  surface  condenser 
method. 

The  headings  for  the  ordinary  observation  sheets  of  a  steam  engine 
test  might  be  conveniently  arranged  as  shown  below,  but  they  could  be 
split  up  into  several  sheets  according  to  the  number  of  observers,  a  time 
column  being  provided  on  each  separate  sheet.  Immediately  after  the 
taking  of  each  set  of  indicator  diagrams,  the  number  of  the  test,  date 
and  time  of  taking,  strength  of  spring,  whether  crank  or  cover  end  of 
cylinder,  should  be  noted  on  each  card.1 

OBSERVATION  SHEETS. 

Description  of  engine  and  place  of  test 
Date  of  test 
Name  of  observer 


Weight  of  condensed 

No.  of 
test. 

Time. 

Steam 
press.  Ibs. 
per  sq.  in. 

Steam 
temp. 

Exhaust 
temp. 

steam  delivered  to 
tanks,  Ibs. 

Difference 
between 
weighings, 

gauge. 

Ibs. 

No.  i. 

No.  2. 

I. 

Total  steam 
used  from 
start, 
Ibs. 

Vacuum  at 
condenser, 
ins. 
mercury. 

Barometric 
pressure, 
ins. 
mercury. 

Hotwell 
temperature, 
°F. 

Air 
temp. 
°F. 

1  Reference  should  be  made  to  pp.  55,  58,  and  63,  for  information  regarding  the 
precautions  to  be  observed  in  obtaining  indicator  diagrams,  and  for  a  discussion  of 
the  errors  to  which  indicators  are  liable. 
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Reading 
of 
speed 
counter. 

Difference 
between 
readings. 

Total 
revolutions 
from 
start. 

Brake  loads. 

Mean  effective  pressure, 
Ibs.  per  sq.  in. 

Crank  end. 

Cover  end. 

Test  Beds  and  Foundations. — Many  builders  of  high-speed  engines, 
steam  turbines,  and  internal  combustion  engines  employ  a  special 
technical  staff,  who  test  every  engine  before  it  leaves  the  works,  keeping 
suitable  records  of  each  performance.  For  works  testing  it  is  generally 
found  most  convenient  to  build  one  or  more  special  test  beds,  designed 
so  as  to  accommodate  all  the  standard  sizes  of  engines  built  by  the  firm, 
and  situated  so  that  the  works  cranes  could  easily  transplant  the  com- 
plete engine,  either  bodily  or  in  separate  parts,  from  the  erecting  shop 
directly  on  to  the  test  beds,  as  this  facilitates  the  rapid  handling  of  the 
engines,  and  thereby  reduces  the  number  of  necessary  test  beds  to  the 
minimum. 

These  beds  for  large  engines  would  probably  require  concrete 
foundations,  into  which  machine-faced  cast-iron  or  steel  girders  of  special 
section  might  be  securely  bolted,  so  as  to  form  a  level  foundation,  as 
shown  in  Fig.  97.  Each  girder  would  be  designed  to  accommodate 
suitable  tee  bolts  and  might  be  spaced  to  suit  the  standard  engines,  or 
special  dogs  could  be  used  to  clip  the  lower  edge  of  the  engine  sole 
plate.  It  is  generally  advisable  to  have  a  pit  under  the  engine  flywheel, 
even  though  the  standard  engine  did  not  necessitate  such  a  pit,  as  it 
might  be  required  in  the  case  of  slow-speed  engines  having  a  large 
flywheel  or  electrical  generator. 

The  boilers  which  would  be  required  for  supplying  steam  to  the 
engines  under  test  should  preferably  form  a  part  of  the  testing  plant, 
and  the  main  steam  pipes  should  be  arranged  so  that  an  engine  could 
be  connected  up  rapidly  by  means  of  suitable  flexible  pipe  connections. 
It  is  advisable  to  instal  either  a  throttling  valve  or  a  reducing  valve 
between  the  main  steam  pipes  and  the  standard  connection  on  the 
engine.  Similarly,  the  condensers  should  be  placed  so  that  standard 
flexible  exhaust  connections  could  be  easily  used  to  connect  up,  and  if 
it  were  likely  that  there  would  be  more  than  one  engine  under  test  at 
the  same  time,  two  or  more  condensers  might  then  be  necessary. 

The  modified  Froude  brake  (Figs.  79  to  83)  is  very  suitable  for  high- 
speed engines  of  moderate  power ;  but  as  this  type  of  engine  is  largely 
employed  to  drive  dynamos,  and  as  the  maker  may  have  to  guarantee 
an  over-all  efficiency,  the  works  test  might  be  made  with  the  engine 
coupled  to  a  suitable  dynamo.  The  test  bed  should  then  be  arranged 
to  be  able  to  accommodate  the  largest  dynamo  likely  to  be  used  in 
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connection  with  the  standard  engines.  The  switch-boards,  cables,  etc., 
should  be  designed  so  that  the  generator  could  be  easily  and  rapidly 
coupled  to  the  electric  measuring  instruments,  and  also  to  the  wire 
and  water  resistances  which  may  be  used  to  dissipate  the  electrical 
energy,  and  in  order  to  minimize  the  capital  expenditure,  the  electrical 
instruments  might  be  used  in  conjunction  with  a  series  of  standard 
resistances,  so  that  by  their  means  each  instrument  could  be  used  over 
a  wide  range  by  altering  the  scale  of  the  instruments. 

It  is,  of  course,  most  important  that  the  number  of  the  testing  staff 
required  to  make  a  test  should  be  reduced  to  the  lowest  possible  limits, 


1 


FIG.  97. — Engine  on  test  bed. 

and  it  is  therefore  desirable  to  arrange  the  electrical  instruments,  the 
shunt  resistances,  and  the  scales  of  the  weighing  machines  for  the 
condensed  steam,  as  closely  together  as  possible,  so  that  one  man  could 
manipulate  and  record  all  these  observations  within  full  sight  of  the 
engine  under  test.  The  same  observer  could  also  give  the  time  signals 
to  the  other  observers  at  the  engine  by  means  of  an  electric  bell. 

The  duration  of  the  tests  should  be  made  as  short  as  possible  con- 
sistent with  reasonable  accuracy,  especially  where  a  large  number  of 
engines  have  to  be  dealt  with,  since  this  tends  to  reduce  the  cost  of  the 
testing  installation  to  a  minimum.  For  this  purpose  it  is  convenient  to 
arrange  that  the  scale  beam  of  the  weighing  machine  for  the  condensed 
steam  should  complete  the  circuit  of  an  electric  bell  when  it  touches  the 
top  stop.  The  operator  might  then  note  the  exact  time  required  for 
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a  definite  weight  to  flow  into  the  tank,  repeating  the  observations,  say, 
at  each  100  Ibs. 

For  full  particulars  regarding  the  arrangements  of  a  successful  works 
steam  testing  plant,  which  was  installed  at  the  Rugby  works  of  Messrs. 
Willans  &  Robinson,  the  reader  should  refer  to  the  Proceedings  of  the 
Inst.  of  Civil  Engineers,  vol.  cxlviii.,  1901-02,  part  II.  p.  349.  Reference 
might  also  be  made  to  Mr.  Morcom's  paper  on  a  successful  works  testing 
plant,  Jour.  Inst.  of  Electrical  Engineers,  1903-04.  An  account  of  a 
steam  turbine  testing  plant  installed  at  Messrs.  John  Brown  &  Co., 
Clydebank  Works,  Glasgow,  will  be  found  in  Engineering,  Sept.  30,  1910. 

The  foundations  for  an  experimental  laboratory  engine  should  be 
arranged  so  as  to  place  the  engine  at  a  convenient  height,  with  the 
centre  line  of  a  horizontal  engine  3  ft.  to  3  ft.  6  in.  above  the  standing 
floor-level.  The  part  of  the  foundations  above  floor-level  could  be  built 
in  concrete,  and  for  appearances  might  be  faced  either  with  white,  dark 
green,  or  brown  tiles,  and  with  all  the  edges  well  rounded.  A  fine 
appearance  can  also  be  obtained  by  building  the  outer  courses  of  the 
foundations  above  the  ground-level  with  glazed  brick,  filling  in  the  body 
either  with  concrete  or  hard  bricks,  and  care  should  be  taken  to  give 
ample  area  on  the  top  of  the  foundations,  so  that  no  part  of  the  engine 
frame  overlaps  the  rounded  top  edges.  Similar  foundations  are  also 
suitable  for  vertical  engines  and  should  be  arranged  so  that  all  thermo- 
meters, gauges,  indicators,  etc.,  could  be  easily  manipulated.  Lack  of 
forethought  in  arranging  convenient  positions  for  such  instruments  might 
afterwards  involve  troublesome  and  out-of-the-way  positions. 

Ample  space  should  be  allowed  between  the  various  units  in  the 
laboratory  equipment.  A  clear  space  of  5  or  6  ft.  all  round  a  steam 
or  gas  engine  of  ordinary  laboratory  dimensions  gives  convenient 
working  room  for  a  group  of  students,  and  also  allows  for  the  intro- 
duction of  one  or  two  small  tables.  The  arrangement  and  setting  out 
of  a  laboratory  equipment  can  be  facilitated  to  some  extent  by  adopting 
some  suitable  scale  for  the  foundation  plans,  to  which  scale  all  the 
firms  concerned  might  be  asked  to  conform. 


CHAPTER  VI 

TESTING    OF  STEAM  ENGINES  AND  STEAM 
TURBINES  (continued) 

Calculations  relating  to  Engine  Tests. — The  Report  of  the  Institution 
of  Civil  Engineers'  Committee  on  "Steam  Engine  and  Boiler  Trials," 
given  in  volume  cl.  of  the  Proceedings,1  contains  a  series  of  suitable 
headings  for  the  insertion  of  the  average  results  of  a  steam  engine  or 
turbine  test,  and  these  (pp.  142-145),  together  with  the  following 
explanations  (pp.  136-141)  regarding  the  methods  of  making  the 
calculations,  have  been  copied  from  the  report  on  account  of  their 
general  suitability  as  a  standard  method.  The  reference  numbers  in 
the  left-hand  column,  p.  143,  are  those  given  in  the  report,  and  have 
been  retained  here  for  the  sake  of  uniformity. 

(For  tabulated  results ,  see  pp.  142-145.) 

ENGINE.    SHEET  I. 

Line  88. — If  the  engine  is  of  a  well-known  make,  it  will  be  sufficient 
to  state  so,  and  then  to  give  a  few  leading  dimensions. 

Line  89. — It  is  desirable  to  state  here  whether  the  valves  were 
specially  tested  for  leakage  before  the  trial.2 

Line  90. — A  full  statement  of  the  kind  of  governor  in  use,  and 
whether  it  merely  operated  a  throttle-valve  or  varied  the  cut-off  of  the 
steam,  should  be  given  in  this  line. 

Line  91. — State  whether  the  feed  to  the  boiler,  or  the  discharge 
from  the  air-pump  hot  well,  was  measured,  also  whether  a  system  of 
tanks  or  a  tumbling-bay  or  a  meter  was  used. 

Lines  92-99. — All  these  dimensions  should  be  given  with  the  greatest 
possible  accuracy ;  the  diameters  of  the  cylinders  should  be  obtained  if 
possible  at  the  time  of  the  trial,  gauges  being  made  for  each  cylinder. 
Where  no  other  means  of  determining  clearance  volumes  and  surfaces  is 
available,  they  should  be  calculated  by  measurements  off  the  drawings 
from  which  the  engines  were  made,  but  cylinder  clearance  volumes 
should,  whenever  it  can  be  done,  be  determined  accurately  by  filling  the 
spaces  with  water  at  a  known  temperature. 

1  This  report  is  sold  by  Messrs.  W.  Clowes  &  Sons,  Ltd.,  23,  Cockspur  Street, 
London.     Price  2s.  net. 

2  Absence  of  leakage  when  stationary  is  no  guarantee  of  tightness  when  valves  are 
in  motion  (see  Minutes  of  Proceedings  Inst.  C.£.,  vol.  cxxxi.  pp.  174-214). 
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ENGINE.     SHEET  II. 

Line  100. — The  total  length  of  the  trial  in  hours  and  decimals  should 
be  given. 

Line  101. — It  should  be  stated  whether  a  mercury  barometer  or  an 
aneroid  barometer  was  used  for  determining  the  pressure.  For  reducing 
from  the  barometer  reading  to  pounds  per  square  inch  the  following 
rule  may  be  adopted  : — 

14*7  Ibs.  per  square  inch  =  29*92  ins.  of  mercury;  or 

i  in.  of  mercury  =  0*49  Ib.  pressure  per  square  inch 

Line  102. — This  is  the  total  weight  of  steam  used  in  the  cylinders 
divided  by  the  number  of  hours  during  which  the  trial  lasted.  It  should 
be  stated  whether  a  jet  or  surface  condenser  is  used,  and  a  short  but 
full  account  should  be  given  of  the  form  of  the  condenser  and  its  general 
arrangements. 

Line  103. — Is  equal  to  the  total  weight  of  water  collected  from  the 
jacket  drains  divided  by  the  duration  of  the  trial  in  hours. 

If  the  jackets  drain  directly  back  to  the  boiler,  a  special  determina- 
tion should  be  made,  on  some  other  occasion  than  the  actual  trial,  of 
the  condensation  in  the  jackets,  when  working  under  exactly  the  same 
conditions  as  in  the  trial  itself,  by  temporarily  disconnecting  the  drain 
from  the  boiler  and  collecting  the  drainage,  but  it  must  be  remembered 
that  the  results  are  only  approximate. 

Line  104. — The  pressure-gauge  should  be  read  at  regular  intervals 
throughout  the  whole  run,  and  the  mean  reading  should  be  corrected 
for  any  errors  in  the  gauge ;  and  in  the  column  for  remarks  it  should  be 
stated  whether  or  not  the  gauge  has  been  recently  tested  for  errors. 

The  absolute  pressure  is  obtained  by  adding  the  barometrical 
pressure  to  the  mean  gauge-pressure  reading. 

Line  105. — This  should  be  determined  from  a  set  of  steam  tables  or 
r<f>  chart,  or  by  direct  measurement. 

Line  106. — In  the  column  for  remarks  a  brief  statement  should  be 
given  as  to  how  the  moisture  in  the  steam  was  determined ;  and  if  some 
special  or  unusual  means  was  adopted,  a  full  account  of  it  should  be 
given  on  the  blank  lines  at  the  bottom  of  the  form,  or  on  a  separate 
sheet  attached  to  the  report. 

Line  107. — This  should  be  the  same  as  line  103  if  there  is  no  leakage 
from  the  jackets ;  and  the  remarks  already  made  with  reference  to  line 
103  apply  to  this  line. 

Line  108. — This  temperature  should  be  measured,  if  possible,  by 
a  thermometer  placed  as  close  as  possible  to  the  exit  of  the  jacket  drains 
from  the  engine ;  if  no  other  means  are  available  the  pressure  may  be 
measured  by  means  of  a  gauge  attached  to  the  jacket  drain  at  the  exit, 
and  then  the  temperature  corresponding  to  the  mean  of  these  pressure 
readings  should  be  obtained  from  steam-tables  or  r<j>  chart. 

Line  109. — This  pressure  should  be  determined  by  means  of  a  gauge 
fixed  on  the  exhaust-pipe  at  the  point  where  it  leaves  the  engine,  and 
regular  readings  should  be  taken  and  their  mean  corrected  for  any  gauge 
errors. 
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Line  110.  —  This  should  be  determined  from  steam-tables,  or  from 
the  T<f>  chart  for  steam. 

Line  111.  —  This  temperature  may  be  obtained  by  an  ordinary 
mercury  thermometer  placed  in  the  exhaust-pipe,  close  to  the  engine  ; 
but  special  precaution  will  have  to  be  adopted  to  prevent  fracture  of  the 
thermometer  bulb. 

Line  112.  —  It  should  be  stated  in  the  remarks  column  whether  the 
mean  pressures  were  obtained  by  the  use  of  a  planimeter,  or  by  dividing 
up  the  diagrams  by  ordinates;  also  how  often  sets  of  diagrams  were 
taken. 

Line  113.  —  The  figure  for  this  line  will  be  obtained  by  adding  to 
the  mean  effective  pressure  in  the  L.P.  cylinder,  the  mean  effective 
pressure  in  the  H.P.  cylinder  multiplied  by  the  fraction 

H.P.  cylinder  effective  area 
L.P.  cylinder  effective  area 

and  also  the  mean  effective  pressure  in  the  I.  P.  cylinder  multiplied  by 
the  fraction 

I.  P.  cylinder  effective  area 

L.P.  effective  cylinder  area 

If  the  piston  speeds  in  the  various  cylinders  are  different,  a  further 
obvious  correction  must  be  made  (see  p.  31). 

Line  114.  —  In  calculating  the  mean  area  of  the  cylinder,  if  there  is 
only  a  piston-rod  and  no  tail-rod,  the  mean  area  is  (o"j8$D2  — 
\  0785^),  where  D  is  the  diameter  of  the  cylinder,  and  d  the  diameter 
of  the  piston-rod  (see  line  92)  ;  if  there  is  a  tail-rod  as  well  as  a  piston- 
rod,  the  mean  area  will  be  — 

o-785D2  -  i[o-785(42  +  42)] 

where  dl  is  the  diameter  of  the  piston-rod,  and  dz  the  diameter  of  the 
tail-rod. 

Line  115.  —  The  total  revolutions  as  recorded  by  the  counter  for 
the  whole  run  divided  by  the  whole  number  of  minutes  during  which 
the  trial  lasted. 

Line  116.  —  The  average  piston  speed  in  feet  per  minute  is  equal  to 
twice  the  average  number  of  revolutions  per  minute  multiplied  by  the 
stroke  of  the  L.P.  piston  in  feet,  or 

-  *me  TI5  X  L.P.  stroke  (line  92) 
~6~ 

Line  117.  —  This  line  is  the  sum  of  the  horse-powers  given  on 
line  112. 

Line  118.  —  If  it  is  possible  to  measure  the  brake  horse-power,  it 
should  be  given  in  this  line,  and  in  the  remarks  column  a  statement 
should  be  made  as  to  how  the  power  was  measured  —  that  is,  whether  by 
a  friction  brake,  or  by  absorbing  the  power  electrically,  or  any  other 
means. 


T  .       ,  .,0  • 

Line  119  is  .-  —      -  x  100. 
line  117 
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ENGINE.    SHEET  III. 

The  method  of  filling  up  lines  120  to  130  of  this  form  will  best  be 
illustrated  by  taking  the  actual  example  recorded. 

Line  120.  —  The  gross  heat-supply  entering  the  engine  per  minute 
will  be  equal  to  the  total  heat  above  32°  F.  contained  in  i  Ib.  of  steam 
at  the  pressure  given  on  line  104  multiplied  by  the  weight  of  steam 
entering  the  engine  per  minute.  This  latter  quantity  will  be  the  sum  of 
lines  102  and  103  divided  by  60. 

Steam  pressure  (line  104),  201  Ibs.  absolute;  the  corresponding 
total  heat  of  a  pound  of  steam  above  32°  F.  for  this  pressure  is  1198 
B.Th.U.  ;  weight  of  steam  entering  cylinders  per  hour  (line  102), 
1054*8  Ibs.  ;  steam  passing  through  jackets  (line  103),  i58'4  Ibs.  ;  hence 
gross  heat-supply  entering  engine  per  minute 

^1054-8+  158-4)  XIIgg 
=  24,223  B.Th.U. 

Line  121.  —  One  I.H.P.  per  minute  is  equal  to  42-41  B.Th.U.  ;  hence 
the  figure  for  this  line  is  obtained  by  multiplying  the  I.H.P.  (line  117) 
by  42-41. 

In  the  example  the  engine  was  developing  73*87  I.H.P.,  hence  the 
figure  for  line  121  would  be  — 

42-41  x  73^7  =  3133  B.Th.U. 

Line  122.  —  This  line  will  be  equal  to  the  weight  of  water  leaving  the 
jacket  per  minute  multiplied  by  the  difference  between  the  temperature  at 

which  it  leaves  the  engine  and  32°  =  —     °3  x  (4°  —  3  2),  where  /3°  is 

the  temperature  at  which  the  water  leaves  the  cylinder  jackets.  In  the 
example  selected  the  weight  of  jacket-steam  per  hour  (line  103)  was 
158-4  Ibs.,  and  the  temperature  at  which  it  left  (line  108)  was  382°  F.  ; 
hence  the  heat  passing  away  in  the  jacket  drains  per  minute  (line  122)  — 


=  924  B.Th.U. 

Line  123.  —  The  heat  leaving  the  engine  in  the  exhaust  steam  cannot 
be  directly  calculated  unless  observations  are  made  as  to  the  quantity  of 
condensing-water  used  in  the  condenser,  and  the  rise  of  temperature  of 
the  water  as  it  passes  through  the  condenser.  If  these  observations  are 
made  and  the  temperature  of  the  hot  well  is  also  measured,  the  figure 
for  line  123  can  be  readily  calculated. 

The  heat  leaving  the  engine  in  the  exhaust  steam  per  minute  =  (the 
weight  of  condensing  water  per  minute)  x  (the  rise  of  temperature  of 
the  condensing  water)  -f-  (the  weight  of  condensed  steam  leaving  the 
engine  per  minute)  x  (the  hot-well  temperature  (line  no)  —  32). 
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For  example,  in  the  above  trial  the  weight  of  condensing  water  per 
hour  was  24,180  Ibs.,  the  temperature  of  the  cooling  water  as  it  entered 
the  condenser  was  52-3°  F.,  and  the  temperature  of  the  cooling  water 
as  it  left  the  condenser  was  94*9°  F.  (these  items  not  recorded  on  the 
sheets)  ;  hence  the  heat  carried  away  in  the  condensing  water  was  — 

X  (94-9  -  5^3)  =  I7,i68  B.Th.U. 


The  heat  carried  away  by  the  exhaust  steam  — 

=  —fi-—  X  (135-0  -  32)  =  1,811  B.Th.U. 

Hence  the  total  heat  passing  away  from  the  engine  per  minute  in  the 
exhaust  steam  was  :  17,168  -f-  1,811  =  18,979  B.Th.U.1 

Line  124.  —  This  line  is  equal  to  line  120  minus  the  sum  of  lines 
121,  122,  and  123  ;  or,  in  the  example  (p.  145),  24,223  —  23,036  = 
1,187  B.Th.U. 

Line  125.  —  In  accordance  with  par.  3  of  the  recommendations  of 
the  Committee  on  Thermal  Efficiency  of  Steam  Engines,2  the  heat 
supplied  to  an  engine  is  calculated  as  "  the  total  heat  of  the  steam 
entering  the  engine  less  the  water  heat  of  the  same  weight  of  water  at 
the  temperature  of  the  engine  exhaust,  both  quantities  being  reckoned 
from  32°  F." 

In  the  example  the  weight  of  steam  supplied  to  the  engine  per  minute 

T  rrr>       line  IO2  +  line  IO3      IO54'8  -f  158-4 
Per  LHP-  =      line  1  17X60      =  -T3W>T65-  =  °'2?4  lb- 

The  total  heat  of  i  lb.  of  steam  (see  notes  on  line  120)  as  it  enters 
the  engine  (above  32°)  =  1198  B.Th.U. 

The  water  heat  of  i  lb.  of  water  (see  line  in)  at  the  exhaust 
temperature  (above  32°)  =  103  B.Th.U. 

Hence  the  heat  supplied  in  this  case  per  I.H.P.  per  minute  =  0*274 
(1198  —  103)  =  0^274  x  1095  =  3°°  B.Th.U. 

Line  126.  —  This  is  obtained  by  dividing  the  heat  equivalent  to 
i  H.P.  per  minute  •=  42*41  X  100  by  line  125;  this  in~  the  example 

42-41  x  100 

=  -  -  =  14^14  per  cent. 

300 

Line  127.  —  According  to  the  Institution  of  Civil  Engineers'  standard 
of  comparison,  the  heat  theoretically  required  per  I.H.P.  per  minute  on 
the  Rankine  cycle  is  calculated  as  follows  :  — 

The  theoretical  efficiency  of  the  Rankine  cycle  is  first  calculated  by 
using  the  formula  14  or  15  (pp.  18  and  19),  according  to  whether  saturated 
or  superheated  steam  is  used,  the  higher  limit  of  temperature  being  taken 
as  that  obtaining  on  the  boiler  side  of  the  engine  stop-valve,  and  the 
lower  limit  that  of  the  steam  at  the  exit  from  the  engine.  Then  — 

1  Authors  Note.  —  This  value  does  not  include  the  loss  of  heat  from  the  surfaces 
of  the  condenser  and  the  exhaust  pipes. 

2  Proc.  Inst.  Civil  Eng.,  vol.  cxxxiv. 
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Heat  theoretically  required)       33,ooo  i 

per  I.H.P.  per  minute     f  =    ~^~  *  theoretical  efficiency 

~~  theoretical  efficiency 
=  160-6  B.Th.U. 

T-       -mo      r^,,  .    .    line  127  X  100       160*6  x  100 

Line  128.— This  is  — —  =  53'5  per  cent. 


jineI25 

Line  129.-This  will  be  equal  to  line  "s  X  I0°  =  -  =  3?7. 

line  119  79-6 

Line  130.  —  This  is  the  sum  of  lines  102  and  103  divided  by  line  117; 


or  in  the  example  =  -°-S4^8  +  Ig8'4-  =  16-4. 

Line  131.  —  This  line  in  the  case  of  saturated  steam  =  line   130 
X  r  *n  tne  case  of  superheated  steam  this  line  =  line  130 


(H!  -  //„)  4-  o!48(/.  -  A)    T    .,.  1198^(135-32) 

X-  —  .  Inthisexample,lmei3i=  —  v-  -  -  >_P?  —  i-/ 

noo  noo 

X  16-4  =  i6'3. 

Line  130  does  not  give  a  true  criterion  of  the  economy  of  a  steam 
engine,  because  the  thermal  units  required  to  evaporate  each  pound  of 
steam  will  vary  with  the  boiler  pressure,  whether  the  steam  is  saturated 
or  superheated,  and  also  with  the  back  pressure.  The  figure  noo 
has  been  chosen  because  it  approximately  lies  between  the  heat  in  a 
pound  of  steam  in  a  non-condensing  engine  and  that  in  an  engine 
using  superheated  steam,  and  is  the  amount  required  per  pound  in  the 
case  of  a  condensing  engine  with  an  admission  pressure  of  160  Ibs. 
absolute  and  a  back  pressure  of  2  Ibs.  absolute,  these  being  usual 
pressures  for  a  modern  condensing  engine. 

When  an  engine  under  test  is  coupled  to  an  electrical  generator, 
suitable  headings  should  be  introduced  to  record  the  average  results 
of  the  electrical  power  in  kilowatts  and  in  electrical  horse-power,  and 
also  for  the  steam  consumption  per  kilowatt  hour  (K.W.hr.)  and  per 
electrical  horse-power  hour  (E.H.P.hr.).  In  the  case  of  steam  turbines 
the  indicated  horse-power  cannot  be  measured,  so  that  it  is  usual  to 
make  calculations  on  the  basis  of  brake  horse-power,  the  calculations 
of  heat-supply  and  the  calculations  relating  to  the  Rankine  cycle  being 
much  the  same  as  for  the  steam  engine. 

In  some  cases,  it  may  be  desired  to  make  a  complete  combined 
test  of  the  boiler  plant,  steam  engine,  condenser,  and  auxiliaries  ;  and 
the  whole  of  the  headings  which  are  required  for  each  separate  portion 
of  such  plants  would  be  grouped  to  suit  the  test.  A  description  of 
each  portion  of  the  plant  should  be  made  in  the  appropriate  position 
on  the  sheets.  If  the  steam  pipes  between  the  boiler  and  the  engine 
were  to  be  included  in  the  complete  plant  test,  the  following  observa- 
tions would  probably  be  found  suitable  :  — 
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1.  Steam  pressure  at  boiler,  Ibs.  per  square  inch  gauge. 

2.  ,,  „  engine          ,,  ,.  „ 

3.  „       temperature  at  exit  from  boiler  or  superheater. 
4-       „  „  „        engine. 

5.  Moisture  in  steam  at  exit  from  boiler. 

6.  „  „  „       engine. 

7.  Weight  of  water  drained  from  pipes,  Ibs.  per  hour. 

A  full  description  of  the  pipe  arrangement,  pipe  coverings,  number 
of  flanges,  etc.,  should  be  made. 

Laboratory  experiments  on  steam  engines  or  turbines  might  require 
modifications  and  amplifications  in  the  following  set  of  recording  sheets 
to  suit  the  particular  requirements  of  the  observations. 


(For  methods  of  calculation ,  refer  to  pp.  136-141.) 

THE  INSTITUTION  OF  CIVIL  ENGINEERS. 

STANDARD  FORMS  FOR  TABULATING  THE  RESULTS  OF 
STEAM  ENGINE  AND  BOILER  TRIALS. 

ENGINE  TRIAL. 
REPORT 

on  the  trial  of 
An  inverted-vertical  triple-expansion  surface-condensing      _  Engine 

working  at 74  I.H.P. 

made  on  the 10  January,  1900 

at  the  request  of  Messrs.  William  Brown  &  Co. 

under  the  direction  of ^-  B- 

and  in  the  presence  of  _  M.  -W- 

P,  R. 
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ENGINE.  Sheet  I.— GENERAL  DESCRIPTION  AND  DIMENSIONS. 
Type  of  Engine  Inverted-vertical  triple-expansion  surface-condensing. 
Made  by 


I.H.P.  at 


revolutions 


Maker's  rating  of  the  power 

per  minute  and Ibs.  per  square  inch,  stop-valve  gauge-pressure. 

Test  made  at  74  I.H.P. 
Character  of  load  Hydraulic  brake. 
Object  of  trial  Experimental  research. 


Reference 
number. 


90 


91 


93 
94 


98   { 
"  { 


General  description  of  engine  and  leading  dimensions. — 

The  engine  was  of  the  inverted  cylinder  type,  with  walls  and  covers  sepa- 
rately jacketed.  Each  cylinder  worked  its  own  crank-shaft,  having 
its  own  hydraulic  brake ;  the  revolutions  of  the  shafts  of  the  three 
cylinders  were  therefore  not  the  same.  Between  the  H.P.  and  I.P. 
and  between  the  I.P.  and  L.P.  were  jacketed  receivers,  and  the  L.P. 
cylinder  worked  an  air-pump  off  its  crosshead. 

Type  of  Valves. — Slide  valves  with  Meyer  expansion  valves  on  the  back 
for  each  cylinder  ;  the  cut-off  can  be  varied  by  hand. 

How  governed. — A  safety  governor  was  arranged  to  entirely  close  the 
expansion  valve  if  a  certain  predetermined  speed  was  reached,  but 
during  the  trial  this  speed  was  considerably  above  the  average  revo- 
lutions at  which  the  three  engines  ran. 

Method  of  measuring  steam  consumption. — By  allowing  the  water  from 
the  hot  well  to  escape  into  a  100-lb.  tip-can. 


Particulars  of  Cylinders. 


H.P. 

I.P. 

- 

L.P. 

Diameters  of  cylinders      .     .     . 

inches 

5-0 

8-0 

_ 

12-0 

,,         „      piston-rods  .     .     . 

inches 

.  

— 





inches 

10  '0 

lO'O 

15'0 

Volumes  swept  by  pistons  per) 
stroke  (mean  of  two  ends)       J 

c.  ft. 

0-108 

0-281 

— 

0636 

Clearance  volumes   per   stroke) 
(mean  of  two  ends)   .     .     .     / 

per  cent. 

5-7 

8-5 

— 

8-5 

Clearance    surfaces   per  stroke) 

r. 

(mean  of  two  ends)   .     .     .     / 

sq.  ft. 

—  - 

Proportion  of  clearance  surfaces) 

per  cent. 

— 

— 

— 

— 

Proportion    of    barrel   surfaces) 

per  cent. 

— 

— 

— 

— 

Receiver  or  reheater  or  inter-) 

r. 

heater,  volume  of     ...     J 

c.  ft. 

— 

— 

Receiver   or  reheater   or  inter-) 

r. 

heater,  heating  surface  of  .     / 

sq.  ft. 

~~ 

. 

~ 

~~ 
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ENGINE.    Sheet  II. — DATA  DEDUCED  FROM  OBSERVATIONS. 


Reference 

Abstract  of 

number. 

Particulars  of  Observations. 

Observa- 

Remarks. 

tions. 

100 

Duration  of  trial  from  2  p.m.  to  6.30  p.m. 

4-5 

101 

Barometric  pressure  \29'59  ins.  of  mercury 

|   14'5      | 

By  mercury  baro- 

(atmosphere) .     .  /      =  IDS.  per  sq.  in. 

meter. 

STEAM. 

102 

Weight    entering     engine     (H.P.)     ,, 
cylinder)  per  hour     /    J 

1054-8 

103 

Weight    passing   through    jackets)     ,, 
per  hour  / 

158-4 

104 
105 

Pressure  by  gauge!  at  boiler  side  fibs,  per 
Pressure  (absolute)/  of  stop  valve\  sq.  in. 
Temperature   of   steam    at   boiler  1     0  ^ 

186-5 
201-0 

OOfl  i\ 

Gauge  tested  before 
trial. 

side  of  stop  valve       .     .     .     .  / 

3820 

106 

Moisture    in    steam    at    boilerl             ., 

TtfJ 

side  of  stop  valve    .     .     .     .  /    per 

JMil. 

107 
108 

Drainage  from  jackets  per  hour  .      Ibs. 
Temperature     of     jacket     return  j   0  F 

158-4 
382-0 

Jacket  drainage  re- 
turned direct   to 

water  at  exit  from  engine  ,     .     / 

boiler. 

EXHAUST  STEAM. 

109 

Pressure    (absolute)     at    exit)    Ibs.  per 

r                         •                                                           /                    • 

26      / 

Gauge  tested  before 

irom  engine                            f     sq   in 

110 

Corresponding      temperature      of  j   0  p 

135  '0 

111 

saturated  steam     / 
Temperature  at  exit  from  engine  .     °  F. 

135-0 

Mean  pressures  by 
ordinates. 

POWER. 

Corresponding  — 

Mean      effective     pressure      in~i  Ibs.  per 

\  75  '56 

I.H.P.  =23-11 

H  P   cylinder                   .          /    sq  in 

Q^tOf* 

112 

Mean      effective     pressure      in,  Ibs  per 
I.  P.  cylinder    /  sq.  in 

}  29-81    ( 

—  26-90 

113 

Mean  effective  pressure  in  L.P.1  Ibs.  per 
cylinder    /    sq.  in. 
Mean  pressures  referred  to  L.P.!  Ibs.  per 

\  11-61 

ii 

Cards  every  %  Iwur. 

cylinder      /  sq.  in. 

114 

Mean  area  of  L.  P.  cylinder       .       sq.  ins. 

IH.P.  322 

115 

Revolutions  (by  counter)     .     .     per  min. 

I.  P.  320 

116 

Piston  s  eed  in  L  P  c  linder) 

L.P.  276 

in  ft                                            1    Per  m*n* 

117 

I.H  P                

73-87     , 

118 
119 

B.H.P  

Mechanical  tfficiency       .     .     .  per  cent. 

58-81    \ 
79-6       { 

Hydraulic  brake  for 
each  cylinder. 

I.H.P.  X  I0° 

Cards  were  taken  simultaneously  off  each  end  of  the  three  cylinders,  other  observa- 
tions at  regular  10-minute  intervals.  The  jacket  steam  drain  was  carried 
direct  back  to  boiler,  and  a  special  device  was  used  to  measure  the  quantity 
which  thus  passed  back. 

NOTE. — Blank  lines  are  left  in  this  Form  for  filling  in  observations  which 
may  be  taken  in  engines  using  reheaters  or  interheaters,  and  for  recording 
such  observations  as  the  temperature  range  in  the  cylinders,  pressures  in  the 
jackets,  and  any  other  observations  which  it  may  be  specially  desired  to  record. 


TESTING  OF  STEAM  ENGINES  AND  STEAM  TURBINES    145 
ENGINE.    Sheet  III.— HEAT  ACCOUNT  AND  DEDUCTIONS. 


Reference 
number. 

HEAT  ACCOUNT  (from  32°  F.). 

B.Th.U. 

Per  cent. 

120 

Gross  heat  supply  entering  engine  per  minute 

24,223  x 

100-0 

121     v 
122 
123    J 

121  \ 

125 
126 
127 

128 
129 
130 
131 

Heat  equivalent  of  I.  H.P.     .     .     .per  minute 
Heat  leaving  engine  in  jacket  drain         ,, 
Heat  leaving    engine   in  exhaust) 
steam    J     "      " 

3,133 
924 

18,979 
1,187 

12-94 
3-82 

78-34 
4-90 

Balance  of  heat  account  (errors  of  observa-) 
tion,  losses  by  radiation,  etc.)  .     .     .     .     / 

Total  of  lines  121  to  124  equal  to  line  120      . 

24,223 

100-0 

DEDUCTIONS  (reckoned  from  exhaust  temperature). 
Heat  supplied  per  minute  per  I.  H.P  B.Th.U. 
Thermal  efficiency      per  cent. 

300-0    ^ 
14-14 

160-6 

53-5  -• 
377-0      x 
16'4   r 

16-3 

Heat  theoretically  required  per  minute  by  the) 
"Institution  of  Civil  Engineers  standard  of>     B.Th.U. 
comparison"  per  I.  H.P.  (Rankine's  cycle)       ) 

Heat  supplied  per  minute  per  B.  H.P  B.Th.U. 
Pounds  of  steam  used  per  I.  H.P.  per  hour      ....  Ibs. 
Equivalent  pounds  'of  steam  used  per    I.  H.P.)               ,, 
per  hour  at  iioo  B.Th.U.  per  Ib.       .     .     .     / 

Remarks. — 


NOTE. — In  engines  using  reheaters,  interheaters,  etc.,  the  heat  returned, 
from  them  to  the  boiler  should  be  entered  in  the  heat  balance  on  the  "  out"- 
side.  f 

The  Influence  of  Steam  Pressure,  Number  of  Expansions,  and 
Speed  upon  the  Steam  Consumption  of  Engines. — When  a  steam 
engine  or  turbine  is  tested  at  various  initial  steam  pressures,  all  other 
conditions  being  kept  constant,  the  relation  between  the  steam  con- 
sumption and  the  mean  effective  pressure  or  the  horse-power  can 
be  expressed  by  a  straight  line,  called  the  "  Willans  line."  This  is 
represented  in  Fig.  98  by  the  line  AB,  obtained  from  tests  on  a 
Belliss  and  Morcom1  250-H.P.  compound  condensing  high-speed 

1  Proc.  Inst.  Meek.  Eng.,  July,  1897. 
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engine,  from  which  it  is  seen  that  the  line  cuts  the  zero  I.H.P.  ordinate 
at  the  distance  OA.  This  distance  OA  then  represents  the  steam  con- 
sumption which  would  be  obtained  at  the  speed  of  the  tests,  supposing 
the  engine  to  be  supplied  with  steam,  and  the  mean  effective  pressure 
(Pm)  to  be  zero.  If  the  total  steam  per  hour  at  any  I.H.P.  is  divided 
by  that  I.H.P.,  the  result  is  termed  "the  steam  consumption  per  I.H.P. 
hour."  Such  a  series  of  values  have  been  obtained  from  the  mean 
straight  line  AB,  and  are  shown  plotted  as  the  curve  CD,  from  which  it 
is  seen  that  the  higher  the  steam  pressure  (all  other  conditions  constant), 


Total  Steam,  per  hour  Ibs. 

*  —  Throttle  Governing 
3  —  Expansion  Governing 
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FIG.  98. — Steam  consumption  curves  for  high-speed  engine  on  a  mean  effective 

pressure  base. 

the  more  economical  does  the  engine  become,  and  that  the  curve  tends 
towards  a  constant  value  as  the  lower  limit.  A  similar  curve,  KL, 
would  be  obtained  by  dividing  the  steam  consumption  per  hour  by  the 
corresponding  brake  horse-power,  or  in  this  case  by  the  electrical  horse- 
power. 

If  W  ==  weight  of  steam  per  hour,  Ibs., 
I  =  indicated  horse-power, 

B  =  brake  horse-power,  or  E  =  electrical  horse-power, 
then  the  line  AB  could  be  expressed  by  the  equation — 

W  =  al  4-  b 

since  the  I.H.P.  is  proportional  to  Pm  at  constant  speed ; 
or  W  =  <:B  -f  d  (refer  to  Fig.  20  also) 

or  W  =  eE  +/ 

where  a,  bt  c,  d,  ^,/are  constants. 
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Also,  the  curves  CD  and  KL  could  be  respectively  represented  by 
the  equations  — 

W  b 


When  a  series  of  tests  are  made  with  the  number  of  the  expansions 
as  the  variable  condition,  and  all  the  other  conditions  are  maintained 
constant,  the  total  steam  per  hour  line  would  be  a  curve  similar  to  the 
dotted  line  EF,  whilst  the  corresponding  "  steam  per  I.H.P.  hour  " 
and  "steam  per  B.H.P.  hour"  (or  steam  per  E.H.P.  hour  in  this  case) 
curves  would  be  represented  by  GH  and  MN  respectively.  It  will  be 
noticed  that  the  curve  EF  cuts  AB  at  two  points,  between  which  points 
the  variation  of  cut-off  appears  to  be  more  economical  than  the  variable 
steam  pressure  method  of  altering  the  power  developed.  The  posi- 
tions of  these  two  points  would  depend  upon  the  particular  number  of 
expansions  under  which  the  Willans  line  AB  was  obtained,  and  also 
to  some  extent  upon  the  type  of  engine  and  the  number  of  cylinders  in 
series.  Generally  speaking,  the  more  economical  an  engine  the  flatter 
are  the  curves  of  steam  consumption.1 

The  curves  KL  and  MN  do  not  cut  at  the  same  mean  effective 
pressures  as  the  other  curves  because  of  the  slight  differences  in 
the  mechanical  efficiencies  in  the  two  cases.  It  would  be  noticed 
that  the  curves  GH  and  MN  attain  minimum  values  at  some  particular 
mean  effective  pressures.  That  mean  effective  pressure,  referred  to  the 
low-pressure  cylinder,  at  the  lowest  point  of  the  curve  MN  might  be 
termed  "  the  most  economical  "  under  the  conditions  of  this  set  of 
tests. 

When  a  steam  engine  or  a  steam  turbine  is  combined  with  an 
electrical  generator,  the  same  general  laws  would  apply  when  the 
governing  is  obtained  by  throttling  the  steam  supply;  that  is,  for 
instance,  the  total  steam  per  hour  and  the  steam  per  K.W.  hour,  plotted 
on  a  kilowatts  base,  would  follow  the  laws  expressed  by  the  lines  AB  and 
KL  in  Fig.  98,  although  the  absolute  values  would  differ  from  those 
plotted  on  a  horse-power  base.  When  variable  expansion  governing  is 
used  on  a  reciprocating  engine  connected  to  an  electrical  generator, 
the  lines  EF,  GH,  and  MN  still  express  the  general  law  when  plotted 
on  a  kilowatts  base. 

If  the  speed  of  a  reciprocating  steam  engine  is  varied,  and  all  other 
conditions  are  maintained  as  constant  as  possible,  the  total  steam 
per  hour  plotted  on  a  speed  base  generally  follows  the  nature  of  a  flat 
curve,2  as  is  indicated  in  Fig.  99.  These  results  were  obtained  on  a 
single-cylinder  Corliss  condensing  engine,  with  cylinder  diameter 

1  Captain  Sankey,  Proc.   Inst.  of  Mech.    Eng.y   1895,    "Governing   of  Steam 
Engines  by  Throttling  and  by  Variable  Expansion." 

2  This  would  appear  to  be  more  nearly  a  straight  line  the  greater  the  number  of 
cylinders  in  series  (Professor  Weigh  ton,  "  Piston  Speed  and  Steam  Engine  Economy," 
North-East  Coast  Eng,  and  Shipbldrs.,  March  20,  1908). 
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9  ins.  and  stroke  36  ins.,  working  with  a  steam-chest  pressure  of  80  Ibs. 
per  sq.  in.  absolute.  The  steam  per  I.H.P.  hour  curve  indicates  that 
for  any  particular  engine,  working  under  given  conditions,  there  would 
be  some  particular  speed  which  gives  the  lowest  value  to  the  steam 
per  I.H.P.  hour.  A  similar  result  would  be  found  on  plotting  the 
steam  per  B.H.P.  hour  curve,  except  that  the  lowest  point  of  this  curve 
would  occur  at  a  lower  speed. 

It  will  be  seen  from  the  figure  that  the  steam  used  per  revolution  of 
the  engine  decreases  continually  as  the  speed  increases.  The  reason 
for  the  minimum  points  in  the  steam  per  H.P.  hour  curves  is  that 
as  the  speed  increases,  some  point  is  reached  where  the  loss  of  power 
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FIG.  99. — Steam  consumption  curves  on  speed  base  (all  other  independent 
conditions  constant). 

due  to  the  throttling  of  the  steam  counterbalances  the  reduction  of  the 
steam  used  per  revolution  due  to  increased  speed. 

"  Indicated  Steam  "  and  "  Missing  Quantity  "  in  Steam  Engines. 
— Let  the  indicator  diagram  in  Fig.  100  represent  the  mean  of  the 
diagrams  obtained  from  the  two  ends  of  a  double-acting  single-cylinder 
steam  engine  during  a  test.  The  length  BD  would,  to  some  scale, 
represent  the  stroke  of  the  engine,  and  also  the  volume  swept  by  the 
piston  per  stroke.  Let  BO  represent  the  mean  clearance  volume  to  the 
same  scale  that  BD  represents  the  stroke  volume ;  then  the  volume  of 
steam  at  any  point  X.  in  the  expansion  would  be  represented  by  the 
distance  X0X.  But  as  some  of  this  steam  was  shut  in  the  cylinder  at  the 
compression  point  K,  which  has  a  volume  X0X15  say,  at  the  pressure  X, 
the  distance  XaX  would  represent  the  volume  of  the  steam  at  X  which 
was  admitted  per  stroke  to  the  cylinder  by  the  admission  valve.  Now, 
let  it  be  assumed  that  the  line  EjXjCi  represents  the  volume  of  the 
clearance  steam  during  the  expansion  of  the  steam  along  CXE ;  then 
QC  and  EaE  are  the  apparent  volumes  of  the  admitted  steam  at  the 
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cut-off  point  C  and  exhaust  point  E  respectively,  and  are  termed  the 
"  indicated  steam  "  at  these  points.  It  is  evident  that,  if  any  of  the 
admission  steam  condensed  in  the  cylinder,  or  if  leakage  occurred  at 
the  valves  or  piston,  the  "indicated  steam"  QC  at  cut-off  would  be 
less  than  the  actual  volume  of  the  quantity  of  dry  saturated  steam 
at  cut-off  pressure  which  entered  the  steam-chest  per  stroke.  Suppose 
the  steam  consumption  and  the  speed  of  the  engine  were  known  ;  the 
weight  of  steam  used  per  stroke  would  be  easily  calculated.  Let  dC2 
at  cut-off  pressure  represent  to  scale  the  actual  volume  of  the  weight 
of  dry  saturated  steam  per  stroke  which  was  known  to  enter  the  steam- 
chest  ;  then  CC2  is  termed  the  "  missing  steam  "  at  cut-off.  In  a  similar 
manner  the  "  missing  steam  "  at  any  point  during  expansion  could 
be  determined  as  the  distances  from  the  expansion  line  CE  to  the 


0   B 


FIG.  100. — Indicator  diagram  set  out  to  show  indicated  steam  and  missing 

steam. 

saturation  line  C2E2.     It  is  usual  to  express  the  indicated  steam  as 
a  fraction  of  the  total  steam ;  that  is,  at  cut-off  and  release  points  the 
indicated  steam         CC        .    EjE 

actual  steam  used  =  CA  *nd  E^  resPectlvely-  The  ™ssmS  steam 
at  cut-off  and  release  could  also  be  expressed  as  a  ratio ;  that  is, 

missing  steam          CC9  ,  EE2 

actual  stLn  used  =  C&  at  cut-°ff  and  E^2  at  release'  TheSe  latter' 
when  expressed  in  pounds  of  steam  per  hour,  are  commonly  termed  the 
"  missing  quantities "  at  these  points.  Thus  the  missing  quantity  at 

CC* 
cut-off  =  -rpr  X  (actual   steam    consumption,    Ibs.    per  hour),  and   at 


release  = 


Tfff 


X  (actual  steam  consumption,  Ibs.  per  hour). 


The  line  KE^jCi  is  usually  determined  on  the  assumption  that  the 
clearance  steam  is  practically  saturated  during  the  expansion  from 
C  to  E  ;  but  this  is  not  quite  correct,  since  the  steam  may  be  wet 
during  expansion.  As  it  is  almost  impossible  to  estimate  the  actual 
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wetness  of  the  steam  during  expansion,  any  small  error  involved  by 
assuming  the  clearance  steam  to  be  saturated  is  usually  neglected. 
If  K  is  the  point  of  compression,  the  distance  KK0  would  represent  the 
volume  of  the  steam  shut  in  the  cylinder  at  K ;  and  since  the  weight  of 
clearance  steam  is  not  supposed  to  vary,  and  is  supposed  to  be 
saturated,  it  follows  that  at  any  other  pressure  Xa  the  distance 

vv,        vol.  i  Ib.  steam  at  absolute  pressure  Xi 
i  =  J^jv0  x 


vol.  i  Ib.  steam  at  absolute  pressure  K  " 

Therefore,  if  W  lbs.  of  steam  are  used  by  the  engine  per  hour  when 
running  at  N  revolutions  per  minute,  then 

C  C 

Indicated  steam  at  cut-off    =  W  x  ^r  lbs.  per  hour 


W  QC  „ 

lbs.  per  revolution 


~  60  X  N       QQ 

TT  "P* 

Indicated  steam  at  release  =  W  X  ^V  lbs.  per  hour 

E^ 

w        E!E  , 

lbs.  per  revolution 


60  X  N 
CC 


Missing  quantity  at  cut-off  =  W  X  ^r~  lbs.  per  hour 


X  -    r  lbs.  per  revolution 


/•  vx     M 

oo  X  N 

F  F 

Missing  quantity  at  release  =  W  x  -    -  lbs.  per  hour 

Ej-Eg 

W          EE2   „ 

"  "  "          =  6T^N  X  E^2  lbS'  Pef 

The  missing  quantities  in  the  various  cylinders  of  a  multiple-expan- 
sion engine  could  each  be  dealt  with  as  just  described  for  the  single- 
cylinder  engine,  except  that  any  receiver  or  steam-chest  drainage  should 
be  allowed  for  in  the  setting  out  each  saturation  line.  The  diagrams 
and  saturation  lines  tfor  all  the  cylinders  could  all  be  set  out  on  a 
volume  base.  For  example,  the  distances  AB  and  CD  in  Fig.  101 
respectively  represent  to  scale  the  mean  volumes  swept  out  per  stroke  by 
the  high-pressure  and  low-pressure  pistons  of  a  cross-compound  engine, 
and  OA,  OC  represent  the  corresponding  mean  clearance  volumes  to 
the  same  scale.  SXS2  and  S3S4  are  the  saturation  steam  lines,  correspond- 
ing to  the  line  C2X2E2  in  Fig.  100.  It  will  be  noticed  that  the  lines 
SjS,  and  S3S4  are  distinctly  separated  and  are  not  shown  in  true  relation 
to  each  other  on  account  of  the  different  clearance  volumes  in  the  two 
cylinders,  but  the  proper  relative  positions  can  be  obtained  by  the  follow- 
ing method  first  introduced  by  Professor  Osborne  Reynolds.  Consider- 
ing the  high-pressure  diagram,  the  line  KjXj  represents  the  volumes  of 
the  clearance  steam  at  the  various  steam  pressures  on  the  assumption 
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that  this  steam  is  practically  saturated  during  expansion,  and  which 
corresponds  to  the  line  KEjX^j  in  Fig.  100.  The  indicator  diagram 
and  the  line  S^  are  then  shifted  back  so  that  all  points  at  any  pressure 
are  moved  by  the  distance  between  the  zero  volume  line  and  the  line 
KiXj  at  that  pressure.  For  example,  considering  the  constant-pressure 
line  XoXiXg,  each  point  at  this  pressure  is  moved  back  by  the  distance 


OA  C 


Absolute  Volitrne, 


FIG.  101. — Indicator  diagrams  from  compound  engine  set  out  on  volume  base 
to  show  indicated  and  missing  steam. 

X0Xa  so  that  the  points  X3,  X,  and  X2  take  up  the  new  respective 
positions  X3',  X',  X2'.  The  point  K!  would,  of  course,  move  back  to  K/ 
on  the  zero  volume  line  OP.  The  new  dotted  positions  of  the  diagram 
and  of  the  saturation  line  S/S2'  are  clearly  shown,  as  also  are  the  new 
positions  of  the  low-pressure  diagram  and  the  saturation  line  S3'S4'.  If 
the  total  steam  which  enters  the  high-pressure  cylinder  also  passes  through 
the  low-pressure  cylinder,  the  curves  S/S2'  and  S3'S4'  would  be  continuous. 
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The  method  is  not  quite  correct,  because  the  clearance  steam  during 
expansion  cannot,  as  a  rule,  be  said  to  be  nearly  saturated  unless  all 
the  missing  quantity  were  due  to  leakage.  Since,  however,  there  is 
no  known  indisputable  method  for  finding  the  actual  dryness  fraction 
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FIG.  102. — Temperature-entropy  diagram  for  non-jacketed  compound  steam 
engine,  showing  the  various  losses  of  available  energy. 

of  the  steam  during  expansion  in  the  cylinder,  it  is  preferable  to 
assume  the  clearance  steam  to  be  saturated,  as  in  any  case  the  maximum 
possible  error  thereby  involved  under  ordinary  circumstances  cannot 
be  great. 

Temperature-Entropy  Diagrams. — These  diagrams  are  sometimes 
useful  as  an  aid  to  the  study  of  the  losses  of  available  heat  which  occur 
in  steam  engines,  and  which  are  due  to  the  imperfect  conversion  of  heat 
into  work  in  the  engine  cylinders.  Referring  to  Fig.  102,  the  areas 
KGHM  and  QRST  respectively  represent  to  some  scale  the  heat 
equivalent  to  the  work  done  in  the  H.P.  and  L.P.  cylinders  of  a 
compound  engine,  the  expanded  diagrams  for  which  were  given  in  Fig. 
1 01.  The  line  BC  represents  the  temperature  in  the  steam  chest,  and  AD 
that  of  the  exhaust  steam  at  the  condenser.  The  lines  AB  and  CD  are 
respectively  the  water  and  saturated  steam  lines  copied  from  a  T<£ 
diagram;  and  assuming  that  the  steam  entering  the  steam-chest  was 
saturated,  the  line  CE  represents  adiabatic  expansion  of  this  steam 
down  to  the  exhaust  temperature  under  perfect  conditions.  Thus  the 
area  ABCE  represents  the  available  work  obtainable  by  a  perfect 
engine  working  on  the  Rankine  cycle.  The  difference  (area  ABCE  — 
(area  KGHM  +  area  QRST)}  represents  the  various  losses  of  available 
heat,  these  being  subdivided  on  the  diagram  in  respect  to  the  various 
causes  of  such  losses.  The  loss  of  available  heat  which  is  directly 
attributable  to  condensation  and  leakage,  as  signified  on  the  diagram, 
appears  to  be  even  less  than  the  total  throttling  and  free  expansion 
losses,  but  it  should  be  realized  that  a  reduction  of  the  condensation 
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and  leakage  losses  also  tends  to  reduce  those  due  to  throttling  and  free 
expansion. 

The  r<f>  diagrams  KGHM,  QRST  are  obtained  from  the  PV 
diagrams,  Fig.  101,  by  the  following  methods  :  First  a  series  of  absolute 
pressures  are  selected,  and  the  corresponding  temperatures  obtained 
from  steam  tables.  Horizontal  pressure  lines  are  then  drawn  on  the 
PV  diagrams,  Fig.  101,  at  the  various  selected  pressures,  and  the 
corresponding  temperature  lines  drawn  on  the  r<f>  diagram.1  Let  the  line 
X0X2,  Fig.  101,  be  one  of  these  lines,  and  XoXg',  Fig.  102,  be  the  corre- 
sponding temperature  line.  The  points  X:/  and  X'  in  Fig.  102  are 


then  obtained  by  making   the   ratios 


XX' 

^/r 
X0X2 


an(* 


X  X' 

° 


the  same  as 


these  ratios  in  Fig.   101.     Proceeding  thus  for  the  complete  series  of 
pressures  and  temperatures,  the  complete  diagrams  are  obtained. 

It  is  not  really  necessary  to  set  out  the  indicator  diagrams  and  lines 
as  in  Fig.  101  before  proceeding  with  the  T</>  diagrams.  By  getting  all 
the  data  in  tabular  form,  the  above-mentioned  ratios  can  be  calculated 
without  going  to  the  trouble  of  drawing  out  and  transferring  the 
diagrams. 
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FIG.  103. — Total  steam  and  indicated  steam  on  steam  pressure  base  (all  other 
independent  conditions  constant). 


The  Variation  of  Indicated  Steam  and  Missing  Quantity  in 
Reciprocating  Steam  Engines  with  Steam  Pressure,  Number  of 
Expansions,  and  Speed  of  Rotation.— The  diagrams  shown  in  Figs. 
103-108  were  obtained  from  the  results  of  experiments  on  a  6^"  x  12" 

1  If  a  r<p  chart  is  used,  the  temperature  lines  would  be  found  on  the  chart.  Suoh 
charts  are  issued  by  the  Board  of  Education,  and  can  be  obtained  for  id.  each  from 
Wyman  &  Sons,  Fetter  Lane,  London,  E.G. 
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single-cylinder  steam  engine  at  the  Glasgow  and  West  of  Scotland 
Technical  College,  and  are  given  as  examples  of  the  relations  which 
exist  between  the  various  factors  under  consideration.  Although  the 

absolute  values  may  vary 
for  different  engines,  the 
laws  expressed  by  these 
diagrams  are  fairly  general, 
and  apply  to  multi-cylinder 
as  well  as  to  single-cylinder 
engines.  In  Figs.  103, 104 
and  1 06,  the  heavy  full  lines 
represent  the  total  steam 
per  hour,  the  heavy  dotted 
lines  represent  the  indi- 
cated steam  per  houratcut- 
off,  whilst  the  light  full  lines 
represent  the  indicated 
steam  per  hour  at  release 
point.  All  these  results 
were  obtained  with  all  the 
N9  of  Expansions  conditions  as  constant  as 

FIG.  104.— Relation  between  total  steam,  indicated  possible,  except  that  COn- 
steam,  number  of  expansions  and  speed,  single-  dition  specified  as  the  base 
cylinder  steam  engine.  line  or  abscissae  of  each 

diagram. 

The  relation  between  the  total  steam,  the  indicated  steam,  and  the 
missing  quantity,  with  variable  steam-pressure,  is  shown  in  Fig.  103, 
which  distinctly  indicates  the  common  straight  line  connection ;  whilst 

the  missing  quantity  is  the 
difference  between  the 
total  and  the  indicated 
steam.  It  should  be  noticed 
that  at  this  number  of  ex- 
pansions, 2*24,  a  decided 
decrease  in  the  missing 
quantity  occurred  between 
cut-off  and  release ;  but 
with  late  cut-offs,  i.e.  with 
small  number  of  expan- 
sions, an  increase  in  the 

*  *  missing     quantity     might 

NO  of  Expansions  QCcm  f^^  of  a'decrease. 

FIG.   105. — Variation  of  the  missing  quantity  with  The  curves  ill  Fig.  104 

number  of  expansions  and  speed,  single-cylinder    represent    the    relation    at 

different    speeds   between 

the  total  steam  per  hour,  the  indicated  steam  per  hour  at  cut-off  and 
release,  and  the  number  of  expansions,  the  steam  pressure  and  back 
pressure  being  maintained  constant.  The  corresponding  missing 
quantities  at  cut-off  and  release  are  given  in  Fig.  105,  from  which  it  is 
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seen  that  the  missing  quantity  tends  to  attain  a  minimum  value  and 
does  not  vary  much  in  magnitude  when  compared  with  the  total  steam 
used.  The  curves  also  distinctly  show  that  the  missing  quantity  is  less 
at  release  than  at  cut-off  when  the  cut-off  is  early,  but  is  greater  at 
release  than  at  cut-off  when  the  cut-off  is  late.  One  reason  for  this 
is  that  just  after  cut-off  the  missing  quantity  for  an  unjacketed  engine 
using  saturated  steam  nearly  always  increases  and  attains  a  maximum 
value,  after  which  it  decreases  up  to  release  unless  the  release  occurs 
soon  after  the  cut-off,  that  is,  unless  the  cut-off  is  late. 

The  curves  in  Fig.   106  refer  to  the  total  steam  consumption  per 
hour  and  the  indicated  steam  per  hour  at  cut-off  and  release  for  different 
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FIG.  106. — Relations  between  total  steam,  indicated  steam,  and  speed,  at  various 
number  of  expansions,  single-cylinder  steam  engine. 

expansions  plotted  on  a  speed-base,  the  steam  pressure  and  back 
pressure  being  constant  throughout.  The  slight  curvature  noticed 
would  probably  be  partly  due  to  the  increased  throttling  effects  at 
increased  speeds  and  partly  to  the  reduction  of  the  missing  steam  per 
revolution,  though  it  would  appear  that  for  quadruple-expansion  engines 
the  relation  between  the  total  steam  or  the  indicated  steam  and  the 
speed  can  be  expressed  by  straight  lines.1  In  Fig.  107  the  missing 
quantities  in  Ibs.  per  hour  are  given,  and  these  again  show  that  at  early 
cut-offs  the  missing  quantities  at  release  are  less  than  at  cut-off,  and  the 
reverse  of  this  at  late  cut-offs.  It  is  also  seen  that  the  missing  quantities 

1  Professor  Weighton  on  "Piston  Speed  and  Steam-Engine  Economy,"  Trans. 
North-East  Coast  Inst.  of  Eng.  and  Shipbldrs.,  1908. 
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increase  with  increase  of  engine  speed,  but  the  rate  of  increase  cannot 
be  considered  to  be  large  when  compared  with  the  total  steam  used. 
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FIG.  107. — Variation  of  missing  quantity  with  speed  at  various  number  of 
expansions,  single-cylinder  steam  engine. 

The  missing  quantities  in  Ibs.  per  revolution  are  also  plotted  in  Fig.  108, 
which  shows  that  a  decrease  occurs  at  all  cut-offs  with  increasing  speeds. 
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FlG.  108. — Variation  of  missing  quantity  per  revolution  with  speed  at  various 
number  of  expansions,  single-cylinder  steam  engine. 

In  these  tests  there  was  considerable  difficulty  experienced  in  getting 
consistent  results  from  day  to  day,  particularly  at  early  cut-offs,  owing 
to  the  influence  of  the  oiling  conditions,  so  that  no  great  reliance  can 
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3500 


be  placed  on  the  results  with  the  earliest  cut-off,  that  is,  those  tests  at 
377  expansions  in  Figs.  106  and  107. 

Influence  of  Superheated  Steam.  —  It  is  well  known  that  the  use  of 
superheated  steam  increases  the  thermal  efficiency  of  an  engine  as 
compared  with  saturated  steam.  The  influence  of  the  degree  of  super- 
heat upon  the  steam  used 
per  I.H.P.  hour  is  clearly 
shown  in  Fig.  109,  which 
represents  the  results  of 
tests  made  at  the  Man- 
chester School  of  Tech- 
nology by  Mr.  R.  Ferguson, 
iofxi8" 
M.Sc.,  on  a  -^  — 


8"  stroke 

Browett-Lindley  compound 
high-speed  condensing  en- 
gine. The  engine  ran  at 
about  450  revs,  per  minute 
with  steam  pressure  160 
Ibs.  per  sq.  in.  gauge. 
These  results  were  given 
by  Professor  J.  T.  Nicolson l 
during  the  discussion  of  a  FIG.  109. — Steam  consumption  curves  from  Browett- 


IOO      I2O 

LH.P. 


Lindley  high-speed  engine,  with  various  degrees 
of  superheat. 


paper    on    "  The    Advan- 

tages   and   Disadvantages 

of  Superheated  Steam,"  read  by  Mr.  M.  Longridge.     Dr.  Nicolson  also 

showed  that  there  was  a  rough  relation  between  the  temperature  of 

highly  superheated  steam  at  the  steam-chest  and  the  average  temperature 

of  the  clearance  surface,  expressed  by  — 


where  9  =  clearance  wall  temperature  °  F. 

/  =  superheated  steam  temperature  °  F. 

Steam  Turbines.  —  On  p.  145  it  was  mentioned  that  the  Willans 
straight-line  law  connecting  steam  consumption  and  power,  was  also 
applicable  to  pressure-governed  steam  turbines.  It  is  also  known  that 
the  mutual  relations  between  the  power,  steam  consumption,  and  steam 
pressure  at  the  first  guide  blades  can  be  expressed  by  the  straight-line 
law.  For  example,  the  results  of  tests  on  a  5oo-H.P.  Zolly  turbine 
running  at  about  3000  revs,  per  minute,  quoted  in  Stodola's  "  Steam 
Turbines,"  p.  242,  1906  edition,  can  be  expressed  as  follows  :  — 

W  =  567  5  (P  -  i)  Ibs.  per  hour 
H.P.  =  3'94(P  —  18)  useful  electrical  horse-power 
W  =  i4'4(H.P.  -f  67)  Ibs.  per  hour 


1  Manchester  Association  of  Engineers,  or  The  Engineer,  February  7,  1908. 
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where  W  =  steam  consumption,  Ibs.  per  hour. 

P  =  steam    pressure    at    first    guide    blades,    Ibs.   per    sq.    in. 

absolute. 

H.P.  =  useful  electrical  horse-power  (subtracting  excitation,  but  not 
taking  account  of  work  by  air-pump). 

The  condenser  pressure  was  slightly  under  i  Ib.  per  sq.  in.  absolute, 
and  the  first  expression  shows  that  the  weight  of  steam  flow  is  prac- 
tically proportional  to  the  difference  of  pressure  between  the  first  guide 
blades  and  the  condenser.  The  steam  at  the  first  guide  blades  was 
slightly  superheated. 

Lack  of  space  does  not  allow  of  further  treatment  of  steam  turbine 
results,  but  the  influence  of  steam  pressure,  vacuum,  degree  of  super- 
heat, and  size  of  turbines  is  ably  dealt  with  by  Messrs.  Stevens  and 
Hobart  in  Engineering  for  March  2  and  9,  1906,  to  which  articles  the 
reader  may  refer  for  further  information. 

The  Relations  between  Mean  Effective  Pressure,  Steam  Pressure, 
Number  of  Expansions,  and  Speed. — The  author l  has  shown  that  the 
relation  between  the  mean  effective  pressure,  (referred  to  the  low-pres- 
sure cylinder  of  multiple-expansion  engines,)  the  steam  pressure,  and  the 
number  of  expansions  can  be  expressed  empirically  for  all  types  of 
engines  by — 

Pm  =  <P  -  b) 

where  Pm  =  mean  effective  pressure,  Ibs.  per  square  inch. 

P  =  absolute  steam-chest  pressure,  Ibs.  per  square  inch. 
b   =  a  constant  which  varies  with  the  back  pressure  and   the 
number  of  cylinders. 

,  =  ,7  *  +  °'5  lQgio  ^  +  d  (a  and  d  are  constants). 

vol.  swept  by  L.P.  piston 

r  —  number  of  expansions  =  — : —      --.-  TT  _,     .  — ~* 

vol.  swept  by  H.P.  piston  to  cut-off 

b  =  3  Ibs.  per  square  inch  above  back  pressure  for  single- 
cylinder  engines. 

b  -  7  Ibs.  per  square  inch  above  L.P.  back  pressure  for  com- 
pound engines. 

b  =  14  Ibs.  per  square  inch  above  L.P.  back  pressure  for  triple- 
expansion  engines. 

b  =  20  Ibs.  per  square  inch  above  L.P.  back  pressure  for 
quadruple-expansion  engines. 

The  values  of  a  and  d  depend  somewhat  upon  the  type  of  engine  and 
the  number  of  cylinders,  a  increasing  and  d  decreasing  with  an  increas- 
ing number  of  cylinders  in  series.  Some  values  of  a  and  d  are  given  in 
the  accompanying  table,  p.  159. 

1  Trans,  of  Eng.  and  Shipbldrs.  in  Scotland,  1909,  "  The  Influence  of  Steam 
Pressure,  Speed  of  Rotation,  and  Number  of  Expansions  on  the  Mean  Effective  Pres- 
sure and  Steam  Consumption  of  Steam  Engines," 
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Description  of 

Values  of 

Values  of 

Remarks. 

engine. 

a. 

d. 

Single  -  cylinder,    non-con-j 
densing,6J"x  12"             / 

0-73 

0-31 

Saturated  steam,  non-jacketed. 

Single-cylinder,condensing,  j 

0'936 

0-18 

12."  X  30"                           / 

7O 

Willans     compound     con-j 
densing  engine                   J 

0-975 

0-083 

.. 

Cross-compound     condens- 

ni"  —  20" 

ri6 

0-092 

.  j                          .  . 

ing  engine,  —  =—  ^  — 

t>         tt            it           » 

1-17 

0*107 

Steam  jackets  in  use. 

Compound          condensing] 

21"—  36" 
engine,  -^—              j 

1-079 

0-0609 

Highly     superheated     steam,     non- 
jacketed. 

Triple-expansion     condens-  j 
9"—  16"—  24"  [ 

I'2I2 

0-0318 

Non-jacketed,  saturated  steam. 

ing  engine,               „ 

>t                ,,                ,, 

1-377 

0-0367 

All     cylinders    jacketed,     saturated 

steam. 

,,                ,,                ,, 

I-28I 

0-0606 

All     cylinders     jacketed,     saturated 

steam. 

»                »                » 

I-338 

0-0659 

All  cylinders  jacketed  together  with 

I.  P.  and  L.P.  receivers,  saturated 

steam. 

Triple-expansion    condens- 
9"  —  16"  —  24"  , 

1-266 

0-0337 

Non-jacketed,  saturated  steam. 

ing  engine,             ,„ 

Quadruple-expansion     con- 

1-49 

0-0432 

All     cylinders     jacketed,     saturated 
steam. 

densing  engine, 

7"  —  ioj"  —  15^"  —  23" 

!'445 

0-03 

Saturated  steam. 

1  8" 

The  relation  between  the  mean  effective  pressure  and  the  speed  of 
rotation — the  steam-chest  pressure,  back  pressure,  and  cut-off  being  main- 
tained constant — would  seem  to  follow  a  straight  line  or  a  flat-curve 
law,  decreasing  gradually  with  the  speed  due  to  the  increased  throttling 
losses ;  but  with  high  steam  speeds  through  the  various  cylinder  ports 
and  steam  passages  of  an  ordinary  engine,  the  fall  of  the  mean  effective 
pressure  with  increase  of  speed  would  seem  to  be  rather  greater  than  is 
expressed  by  the  straight-line  law. 

Method  in  arranging  a  Series  of  Tests. — If  a  series  of  tests  were 
required  under  various  conditions  for  the  purpose  of  deciding  the 
most  economical  working  conditions  for  any  type  of  engine,  several 
methods  of  procedure  might  be  possible,  and  it  might  then  become  a 
matter  of  some  importance  to  select  the  most  suitable  method  with  a 
view  to  getting  the  maximum  amount  of  information  for  the  minimum 
of  labour  and  cost.  As  an  example,  consider  the  following  case  : — 

A  single-cylinder  double-acting  steam  engine  is  required  to  run 
at  a  particular  speed  of  rotation,  and  it  is  desired  to  find  the  most 
economical  mean  effective  pressure  with  various  specified  initial  steam 
pressures,  the  steam  quality  and  the  back  pressure  being  maintained 
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constant.     The  scheme  of  the  tests  could  be  arranged  according  to  two 
distinct  methods. 

First  Method. — Arrange  the  cut-off  at  any  particular  point  of  the 
stroke — say,  \  stroke — and  make  a  set  of  tests  with  varying  steam 
pressures,  taking  care  to  maintain  all  other  conditions  as  constant  as 
possible.  Four  or  five  carefully  conducted  tests  should  be  sufficient 
to  determine  the  Willans  line  I.,  plotted  on  a  mean  effective  pressure 
base  in  Fig.  no,  and  the  corresponding  line  i,  Fig.  111,  connecting 
steam-chest  pressure  and  mean  effective  pressure.  Proceed  similarly 
with  cut-offs  at,  say,  £,  |,  ^,  and  £  stroke,  obtaining  the  corresponding 
total  steam  per  hour  lines  II.,  III.,  IV.,  and  V.,  Fig.  no,  and  2,  3, 


700 


.I*.  Ibs  per  sg   irv. 


FIG.  1 10. — Relation  between  mean  effective  pressure  and  steam  consumption  at 
various  steam  pressures  and  cut-offs. 

4,  5,  Fig.  in,  the  steam  quality,  back  pressure,  and  speed  being 
maintained  constant  throughout.  At  various  definite  pressures  draw  the 
horizontal  lines  in  Fig.  in  to  cut  the  inclined  straight  lines  i,  2,  3,  4,  5 
in  definite  points,  which  represent  definite  mean  effective  pressures ; 
then  tabulate  these  mean  effective  pressures  which  are  thus  obtained 
at  constant  pressure,  and  find  the  points  on  the  respective  lines  I.,  II., 
III.,  IV.,  and  V.,  Fig.  no,  having  the  same  mean  effective  pressures. 
By  then  joining  up  the  points  for  constant  steam  pressure,  a  series  of 
curves,  a,  b>  cy  d,  etc.,  are  obtained,  each  of  which  represents  the  steam 
consumption  at  some  constant  pressure  with  variable  expansions ;  and 
by  selecting  a  series  of  mean  effective  pressures  from  each  of  these 
curves,  tabulating  the  corresponding  steam  consumptions  as  given  by  the 
curves,  and  then  calculating  the  corresponding  indicated  horse-powers, 
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the  series  of  curves  of  steam  per  I.H.P.  hour  at  the  various  pressures 
can  be  obtained,  and  plotted  as  shown  in  Fig.  112.     From  these  latter 


to  20  30  4-0 

M.E.P.  Ibs.  per  sg.  irv. 

FIG.  in. — Relation  between  mean  effective  pressure  and  steam-chest  pressure 
at  various  cut-offs. 
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FIG.  112. — To  illustrate  the  relation  between  the  steam  consumption  per  horse- 
power hour  and  mean  effective  pressure  with  various  steam  pressures. 

curves  the  minimum  points  of  steam  consumption  per  I.H.P.  hour  give 
the  most  economical  mean  effective  pressures  for  the  various  steam 

M 
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pressures.  Had  the  brake  horse-power  been  also  measured,  the  straight- 
line  connection  between  brake  and  indicated  horse-power  would  enable 
the  steam  per  B.H.P.  hour  curves  to  be  obtained,  when  it  would  be 
found  that  these  latter  curves  would  give  higher  values  for  the  most 
economical  mean  pressures  than  the  steam  per  I.H.P.  hour  curves. 
It  is  generally  found  that  all  these  steam  per  H.P.  hour  curves  are  very 
flat  in  the  neighbourhood  of  the  most  economical  point,  especially 
with  steam-jacketed  engines  and  with  engines  using  superheated  steam, 
thus  admitting  of  a  wide  variation  in  the  power  without  much  affecting 
the  economy. 

The  author1  has  found  that  the  most  economical  mean  effective 
pressure,  Pz,  can  generally  be  expressed  by  the  straight-line  law  in 
terms  of  the  steam  pressure  P ;  that  is — 

P,  =  ^(P  +  b,) 

where  a^  and  ^  are  constants  which  depend  largely  upon  the  number 
of  cylinders  in  series.  The  available  results  of  experiments  are  not 
sufficiently  numerous  to  give  definite  values  to  a^  and  b^  for  all  con- 
ditions, but  in  the  above-mentioned  paper  much  evidence  was  produced 
to  show  that  the  most  economical  mean  effective  pressures  are  higher 
than  is  commonly  assumed.  It  should  be  noted  also,  that  in  the 
neighbourhood  of  the  most  economical  mean  effective  pressure,  the 
economy  varies  but  little  for  fairly  large  variations  of  the  mean  effective 
pressure. 

The  second  method  of  procedure  which  might  have  been  adopted 
for  the  purpose  of  these  tests  consists  in  making  a  series  of  tests  at 
constant  steam  pressures  and  various  expansions,  thus  deriving  the 
curves  a,  t>,  c,  d^  etc.  (Fig.  no),  directly.  The  disadvantages  attending 
this  second  method  are  due  to  the  large  number  of  tests  which  would 
have  to  be  made  in  order  to  determine  the  mean  positions  of  the  flat 
curves,  whereas  in  the  first  method  the  mean  straight  lines  can  usually  be 
obtained  with  a  comparatively  few  accurately  made  tests.  Of  course, 
the  second  method  would  perhaps  be  the  most  suitable  if  it  were 
intended  to  deal  only  with  one  or  two  different  steam  pressures. 

If  a  choice  of  methods  is  available  when  intending  to  conduct  a 
large  series  of  tests,  full  use  should  therefore  preferably  be  made  of 
straight-line  laws  if  this  is  possible,  since  such  are  likely  to  require 
only  the  minimum  number  of  tests. 

When  a  series  of  tests  are  to  be  made  on  a  multiple-expansion 
engine,  either  with  variable  steam  pressures  or  with  variable  expansions, 
a  careful  consideration  should  be  given  to  the  fact  that  an  alteration 
in  either  the  steam-chest  pressure  or  the  cut-off  in  the  high-pressure 
cylinder  would  be  likely  to  affect  the  relative  distribution  of  pressures, 
temperatures,  and  power  in  the  various  cylinders.  It  is  usual  to  retain 
a  constant  cut-off  in  all  the  cylinders  when  a  series  of  variable  steam- 
pressure  tests  are  intended,  or  in  all  cylinders  except  the  high  pressure 

1  "The  Most  Economical  Mean  Effective  Pressures  for  Steam  Engines,"  Trans. 
Inst.  of  Eng.  and  Shipbldrs.  in  Scotland,  1907. 
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when  a  series  with  variable  expansions  are  to  be  made ;  but  it  is  hardly 
necessary  to  mention  that  if  the  cut-offs  in  the  low-pressure  and  inter- 
mediate pressure  cylinders  were  also  altered  simultaneously  with  the 
alteration  of  the  high-pressure  cylinder  conditions,  such  might  modify 
to  some  extent  the  steam  consumption  and  the  power  developed  when 
compared  to  a  series  with  fixed  cut-offs  in  the  low  and  intermediate 
pressure  cylinders.  Any  such  alterations  should  therefore  be  made 
according  to  some  prearranged  scheme  and  for  a  definite  purpose, 
otherwise  it  is  preferable  to  fix  the  cut-offs  according  to  the  results 
of  Professor  Weighton's  experiments  on  a  quadruple-expansion  marine 
engine,1  where  he  found  that  the  best  cut-offs  in  the  low  and  inter- 
mediate pressure  cylinders  of  this  engine  was  given  by  the  expression — 

Best  cut-off  in  any  cylinder  after  H.P.  i 

Stroke  -  =  °''5+ 


where  Q  -  Preceding  cylinder  capacity 

The  experiments  also  showed  that  considerable  modifications  in  the 
cut-offs  could  be  made  in  the  neighbourhood  of  the  best  cut-off  without 
materially  affecting  the  steam  per  horse-power  hour. 

The  Action  of  the  Clearance  Surface  in  an  Engine  Cylinder. — During 
recent  years  the  "  missing  quantity  "  in  reciprocating  steam  engines  has 
been  the  subject  of  much  controversy  between  those  who  uphold  the 
initial  condensation  theory  and  the  so-called  valve  leakage  theorists, 
the  real  point  at  issue  being  the  relative  importance  of  these  two  theories 
in  accounting  for  the  missing  quantity.  It  is  generally  conceded  on  all 
sides,  however,  that  cylinder  condensation  plays  a  very  important  part, 
and  that  such  condensation  depends  largely  upon  the  temperature  of 
the  cylinder  walls  relatively  to  the  initial  steam  temperature,  that  is,  the 
lower  the  temperature  of  the  cylinder  walls  relatively  to  that  of  the  initial 
steam  the  greater  will  be  the  cylinder  condensation  and  the  missing 
quantity.  Some  advantage  may  therefore  be  derived  from  an  inquiry 
into  some  of  the  conditions  which  affect  the  wall  temperatures. 

It  is  well  known  that  the  surface  of  a  steam  engine  cylinder  wall  in 
contact  with  steam  must  necessarily  fluctuate  in  temperature  if  it  absorbs 
and  rejects  heat  during  each  steam  cycle,  but  both  theory  and  experi- 
ment point  to  the  conclusion  that  the  magnitude  of  such  cyclic  fluctua- 
tions at  ordinary  speeds  of  rotation  must  be  much  less  than  that  of  the 
steam  in  the  cylinder.2  In  any  case  the  time  mean  temperature  of  the 
wall  surface  in  contact  with  the  steam  will  be  practically  the  same  as 
that  of  any  point  in  the  section  of  metal  adjacent  to  the  particular 
surface,  especially  if  the  cylinder  is  well  covered  externally  and  no 
steam  jackets  are  in  use.  Therefore,  to  measure  the  mean  tempera- 
ture of  the  inner  surface  of  the  wall  at  any  particular  place,  it  is 
generally  sufficient  to  insert  a  mercury  thermometer  of  small  diameter 

"  Receiver  Drop   in   Multiple-expansion   Engines,"  Trans.  North-East  Coast 
,  and  Shipbldrs.,  vol.  xvi.,  1899-1900. 
2  Refer  to  p.  75. 
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into  a  close-fitting  mercury-filled  hole  in  the  metal,  with  the  ther- 
mometer bulb  situated  about  half  an  inch  from  the  inner  surface  of 
the  wall.  Instead  of  thinking  of  the  condensation  and  re-evaporation 
of  steam  in  the  engine  cylinder,  let  us  consider  the  cylinder  wall 
action  of  a  non-jacketed  engine  to  be  an  alternate  reception  and 
rejection  of  heat  through  the  wall  surface,  calling  the  rate  of  heat  recep- 
tion per  unit  area,  per  degree  difference  of  temperature  between  the 
steam  and  the  wall,  the  "  receptivity  "  of  the  surface,  and  similarly,  the 
rate  of  heat  rejection  from  the  wall  to  the  steam  the  "  emissivity " 
of  the  surface. 

Consider  a  unit  area  of  the  cylinder  clearance  surface.     In  Fig.  113 


24-0 


220 


200 


2TT 


FIG.  113.  —  Diagram  of  steam  and  clearance  surface  temperatures  on  crank- 

angle  base. 


the  curve  AiBCAa  represents  the  cylinder  steam  temperatures  plotted 

on  a  crank-angle  base,  and,  for  the  sake  of  demonstration,  assume  that 

the  curve  F^Fg  represents  the  corresponding  wall  surface  temperatures. 

If  T,  =  steam  temperature  at  any  time  /  during  heat  reception  by 

wall, 

Tw  =  wall  surface  temperature  at  same  time  /, 
r  —  surface  receptivity  at  the  same  time  /, 
(o  =  uniform  angular  velocity  of  the  crank, 
then,  in  the  small  period  of  time  oY  the  heat  received  per  unit  area  will 

*A 

be  r  X  (T.  -  Tw)87  =  r  x  (T.  -  T.)  ~. 

Referring  to  Fig.  113,  and  considering  the  elementary  shaded  area 
abed  of  width  W,  it  is  seen  that  this  area  represents  (T,  -  TW)S0  more 
and  more  nearly  as  W  is  made  smaller  and  smaller,  so  that  the  heat 

received  during  this  small  angular  period  is  represented  by  -  x  (area 

abed}.     The  total  heat  received  by  the  wall  per  unit  area  from  point  Ft 
to  F2  is  equal  to  the  sum  of  all  such  terms  —  that  is 


~  X  (area  a 
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If  R  represents  a  kind  of  average  value  of  r  between  the  points  ¥l  and 
F2,  the  above  summation  reduces  to 

-2F2(area  abed)  =  -  X  (area  F^F,)    .  .     (2) 

to     Fj  o) 

Similarly,  if  E  is  a  kind  of  average  value  of  the  emissivity  between 
the  points  F2  and  F3,  the  heat  rejected  to  the  steam  by  the  clearance 
surface  wall  per  unit  area  is  represented  by 

E  x  (area  F2CF3) (3) 

CO 

If  DjDgDg  is  the  line  of  mean  wall  temperature,  actual  calculation 
shows  that  for  any  reasonable  cyclic  fluctuation  of  the  surface  temperature, 
the  area  DjBDa  is  nearly  equal  to  area  F^Fa,  and  similarly,  area  D2CD3 
is  nearly  equal  to  area  F2CF3,  from  which  it  follows  that — 

To  some  scale  the  total  heat  received)  _  R       , 

per  unit  area  of  clearance  surface  /  ~  o7  >        ea  DlBL>2/ 

To  the  same  scale  the  total  heat  re-j       £ 

jected  per  unit  area  of  clearance  (  =       X  (area  D2CD3) 
surface  j 

When  no  steam  jackets  are  used,  and  steady  conditions  are  attained 
in  the  cylinder,  the  total  heat  received  by  the  wall  surface  from  the 
steam  will  be  nearly  equal  to  that  rejected  by  the  same  surface  to  the 
steam,  any  difference  being  due  to  conduction  and  external  heat  losses, 
which  are  practically  negligible  in  most  ordinary  cylinders  compared  to 
the  amount  of  heat  alternately  stored  and  rejected.  Therefore,  in  this 

•p  "C1 

case,  -  X  (area  DiBDs)  =  -  x  (area  D2CD3), 

R_(areaD2CD3) 
°r'  E  -  (area  D^DJ (4) 

If  R  =  E,  then  area  D2CD3  =  area  DiBDa,  which  would  mean  that 
the  mean  clearance  surface  temperature  would  be  the  same  as  the 
mean  temperature  of  the  steam  in  the  cylinder.  Again,  if  R  >  E, 
then  area  D2CD3  >  area  DiBDs,  which  means  that  the  mean  wall  surface 
temperature  would  be  greater  than  the  mean  steam  temperature. 
Similarly,  if  R  <  E,  the  area  D2CD3  <  area  DjBD2  and  the  mean  wall 
temperature  would  be  less  than  the  mean  temperature  of  the  steam. 

It  is  generally  found  that  the  mean  temperature  of  the  clearance 
surface  is  higher  than  the  mean  temperature  of  the  steam  in  the  cylinder, 

T> 

in  which  case  =•  is  greater  than  unity ;  but  cases  have  occurred  where 
hi 

these  mean  temperatures  were  the  same,  and  it  is  suspected  that 
under  certain  circumstances  it  is  possible  for  the  mean  wall  temperature 
to  be  lower  than  the  mean  of  the  steam  temperatures.1  In  the  article 

1  "  Cylinder  Condensation  and  the  Temperature  of  Cylinder  Walls, "  The  Engineer, 
October  15,  1909,  p.  385. 
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-n 

just  quoted  it  was  also  shown  that  the  ratio    .  depends  largely  upon 

K 

the  value  of  E.     Superheated  steam,  for  instance,  tends   to  raise  the 
mean  wall  temperature,  irrespective  of  the  higher  temperature  of  the 

T^ 

steam-chest,  which  of  course  means  that  the  ratio  ^  is  increased  by 

Hi 

the   use  of  superheated  steam,  probably  attaining  a  very  large  value 
when  the  steam  is  highly  superheated.     Cylinder  lubrication  also  has 

-n 

an  influence,  in  some  cases  raising  the  value   of   — ,  and   in   others 

fj 

causing  a  reduction  when  compared  with  no  cylinder  lubrication.1 

T^ 

The  following  values  of  —   have  been  deduced  by  the  author  from 

i ','         " 

the  results  of  experiments  on  a          —  „—    cross-compound  condensing 

30 
engine  using  saturated  steam2: — 


Ratio  R 

E 

No.  of 

Cover  end. 

expan- 

Remarks. 

sions. 

H.P. 

L.P. 

cylinder. 

cylinder. 

8-1 

7-6 

375 

No  jackets  in  use. 

25-0 

•5-5 

2-8 

5»                         » 

Referring  again  to  Fig.  113,  it  is  evident,  by  the  reasoning  given  on 
p.  164,  that  the  heat  received  per  unit  area  of  clearance  surface  between 
F!  and  the  point  of  cut-off  K  may  be  expressed  by— 

-  X  (area  FXBKF)  =  -  X  (area  DaBKD)  nearly. 

(0  tO 

Now,  let  R  =  B.Th.U.  received  by  the  wall  per  square  foot,  per 
second,  per  °  F.  difference  of  temperature  between 
steam  and  wall. 

w  =  angular  velocity  of  crank,  radians  per  second. 

A  =  total  surface  exposed,  square  feet  (including  the  surface 
of  the  cylinder  end,  piston  end,  and  cylinder  ports, 
and  one  half  the  barrel  surface  exposed  up  to  cut- 
off). 

L  =  latent  heat  of  cylinder  steam,  B.Th.U.  per  Ib. 

N  =  total  revolutions  of  engine  per  hour. 

i  in.  on  temperature  scale  correspond  to  y°  F. 

i      „       crank  angle       „         „         „        6  radians. 

1  Trans.  Inst.  Eng.  and  Shipbldrs.  in  Scotland,  1909-10,  p.  338. 

2  Professor  A.  L.  Mellanby  on  "  The  Effect  of  Steam  Jacketing  upon  the  Efficiency 
of  a  Horizontal  Compound  Steam  Engine,"  Proc.  Inst.  Mech.  Eng.^  June,  1905. 
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If  areas  in  Fig.  113  are  measured  in  square  inches,  then  one  square 
inch  corresponds  to  y  X  6  temperature-angle  units.  Thus,  the  weight 
of  steam  condensed  on  the  cylinder  walls  between  Fj  and  K  during  one 
cycle  is — 

RA 
--  X  (area  DXBKD  sq.  ins.)  x  y6  Ibs.  nearly, 

and  the  corresponding  weight  per  hour — 
R  A    N 

Wi  =  <oL   x  (area  DiBKD  SCL- ins-)  x  y° lbs- 

In  a  similar  manner  the  weight  of  steam  condensed  per  hour  at 
the  other  end  of  the  cylinder,  say  W3,  could  be  calculated,  and  thus  the 
total  condensation  would  be  (Wl  -f-  W2)  lbs.  per  hour. 

In  Messrs.  Callendar  and  Nicolson's  paper  referred  to  on  p.  168, 
this  method  was  used  to  determine  the  cylinder  condensation.  The 
value  of  R  which  they  used  was  074  to  the  units  specified  above,  this 
value  having  been  obtained  by  them  as  the  maximum  possible  rate  of 
condensation  on  a  cast-iron  surface.1  With  our  present  knowledge,  such 
calculations  cannot  be  more  than  roughly  approximate,  because  the  value 
of  R  applicable  to  an  engine  cylinder  surface  is  not  known  for  all  con- 
ditions, and  some  difficulty  is  experienced  in  getting  anything  like  the 
true  average  temperature  of  the  various  surfaces  exposed  up  to  cutrorT. 

If  it  be  assumed  that  the  total  missing  quantity  at  cut-off  is  equal  to 
the  sum  of  condensation  and  leakage,  knowing  the  missing  quantity  and 
the  condensation,  the  leakage  is  calculable. 

In  Professor  Mellanby's  paper  mentioned  on  p.  166,  there  are  given 
some  results  which  were  calculated  by  the  above  methods.  Some  of 
these  are  quoted  in  the  accompanying  table,  and  refer  to  pounds  of 
saturated  steam  per  hour  : — 


*3.2 

ss 

Missing  quan- 
tity, 
lbs.  per  hour. 

Condensation 
to  cut-off, 
lbs.  per  hour. 

Leakage, 
lbs.  per  hour. 

Total  steam 
passing  through 
cylinders, 
lbs.  per  hour. 

steam  use 
lour,  lbs. 

Remarks. 

/H    Q. 
& 

H.P. 

L.P. 

H.P. 

L.P. 

H.P. 

L.P. 

H.P. 

L.P. 

-8. 

cut-off. 

cut-off. 

cyl. 

cyl. 

cyl. 

cyl. 

cyl. 

cyl. 

g& 

I2'3 

753 

902 

II4 

_ 

639 

_ 

2184 

2IO6 

2184 

No  jackets. 

I2'3 

746 

80 

478 

430 

268 

1980 

1886 

2073 

H.P.  ends  and  bar- 

rel jacketed. 

It  is  perhaps  as  well  to  mention  that  no  general  agreement  appears 
to  hold  between  the  results  of  the  above  method  of  estimating  leakage 
and  the  more  direct  method  of  measuring  leakage  which  is  described 
below. 

Leakage  of  Valves. — In  their  paper  "  On  the  Law  of  Condensation 
of  Steam  deduced  from  Measurements  of  Temperature  Cycles  of  the 

1  British  Association,  1897,  p.  418, 
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Walls  and  Steam  in  the  Cylinder  of  a  Steam  Engine," l  Messrs.  Callendar 
and  Nicolson  gave  an  account  of  some  experiments  which  they  made 
on  the  leakage  of  slide  valves.  One  definite  series  of  experiments  were 
conducted  with  the  ordinary  cylinder  steam  ports  blocked  up,  and  the 
leakage  from  the  steam-chest  to  the  exhaust  was  measured,  both  with 
the  engine  and  valve  stationary  and  also  with  the  engine  motored 
round.  They  came  to  the  conclusion,  that,  although  a  valve  may 
appear  to  be  quite  tight  when  stationary,  it  might  leak  when  in 
motion,  but  that  so  long  as  the  valve  was  moving,  the  rate  of  travel 
did  not  have  much  influence  on  the  rate  of  leakage.  They  also  found 
that  the  lubrication  of  the  valve  and  the  heating  of  the  engine  cylinder 
in  the  neighbourhood  of  the  valve  both  reduced  the  leakage,  and  they 
proposed  the  theory  that  valve  leakage  took  place  mostly  in  the  form 
of  moisture  deposited  on  the  valve  faces  by  the  condensation  of  steam, 
this  water  of  condensation  being  forced  through  by  the  difference  of 
pressure  and  then  evaporating  on  the  exhaust  side.  These  leakage 
experiments  were  found  to  be  approximately  expressed  by  the  law — 

Q  =  ^Xy  X  P 

where  Q  =  leakage,  Ibs.  per  hour. 

L  =  perimeter  of  valve  round  which  leakage  can  take  place. 
/  =  average  overlap  of  valve  over  edge  of  ports. 
P  =  pressure  difference  between  the  two  sides   of  the   valve, 

Ibs.  per  square  inch. 
c  —  0*02. 

The  above  conclusions  for  slide  valves  were  in  the  main  confirmed 
by  Professor  Capper  in  the  "  First  Report  to  the  Steam  Engine  Research 
Committee,"  2  though  the  valve  leakage  with  blocked  ports  seemed  to 
be  proportional  to  Pn,  where  P  is  the  pressure  difference  and  n  some- 
what less  than  unity.  In  blocking  the  steam  ports  some  difficulty  was 
experienced  in  making  a  steam-tight  joint  in  the  ports.  The  method 
ultimately  adopted  by  Professor  Capper  was  to  scrape  a  metal  fitting 
piece,  flanged  at  each  end,  to  an  absolutely  tight  fit  in  the  ports,  and 
then  to  screw  this  block  down  with  a  red-lead  joint  into  recesses  cut  in 
the  slide  face  at  each  end  of  the  port.  This  was  found  to  give  a  tight 
joint.  These  experiments  included  a  series  of  leakage  measurements 
made  with  the  engine  standing  in  nine  different  positions  of  the  crank, 
corresponding  to  nine  successive  positions  of  the  valve  during  a  revolu- 
tion, the  steam  ports  blocked  as  described.  The  mean  value  of  the 
leakage  at  the  nine  positions  was  45*95  Ibs.  per  hour  as  compared  with 
45  Ibs.,  the  value  obtained  when  running  at  50  revolutions  per  minute, 
which  result  would  seem  to  contradict  Messrs.  Callendar  and  Nicolson's 
conclusion  that  the  leakage  of  a  running  valve  is  generally  greater  than 
when  it  is  stationary. 

In  conjunction  with  some  of  the  senior  students  at  the  Glasgow  and 

1  Proc.  Inst.  Civil  En g.,  1897-98,  Pt.  I. 

*  Proc.  Inst.  of  Mech.  Eng.>  March — May,  1905. 
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West  of  Scotland  Technical  College,  the  author  made  a  few  experiments 
on  the  leakage  of  the  high-pressure  steam  piston  valves  of  a  compound 
engine.  The  engine  and  valves  were  stationary  during  the  experiments 
and  subjected  to  various  steam  pressures,  the  leakage  being  sent  to  the 
condenser  and  weighed  in  the  usual  way.  Previous  to  commencing  the 
tests,  the  engine  had  been  kept  running  for  some  time  with  ordinary 
lubrication  of  the  cylinder  so  as  to  heat  up  the  cylinder  walls  thoroughly. 
The  valve  diameter  was  3*5  ins.;  the  overlap/,  0*31  in.,  equal  to  the 
width  of  the  ring ;  the  clearance  distance  d  between  the  valve  ring  and 
the  liner  was  from  o'ooi  to  0-0015  of  an  inch  at  atmospheric  tempera- 
ture, and  leakage  occurred  at  both  ends  of  the  two  steam  valves.  The 
leakage  of  the  two  steam  valves  could  be  approximately  expressed  by 
k .  P°'8,  where  P  is  the  pressure  difference  between  the  two  sides  of  the 
valve  in  Ibs.  per  square  inch,  and  k  is  assumed  to  express  the  product 

c  x  -,  X  d.     Expressing  leakage  in  Ibs.  per  hour,  pressure  difference  in 

Ibs.  per  square  inch,  and  dimensions  in  inches,  the  average  value  of  c 
was  approximately  18.  The  leakage  was  also  found  to  be  directly 
proportional  to  the  difference  of  steam  temperature  on  the  two  sides 
of  the  valve. 

In  the  discussion  of  the  Steam  Engine  Research  Committee's  report, 
above  mentioned,  Captain  H.  R.  Sankey  gave  the  results  of  experiments 
he  had  made  on  the  leakage  of  a  moving  piston  plug  valve.  He  found 
that  the  leakage  was  practically  independent  of  the  speed  of  the  valve  so 
long  as  it  was  in  motion,  but  that  the  leakage  was  erratic  with  the  valve 
stationary.  Lubrication  of  the  valve  was  also  found  to  reduce  the 
leakage  considerably.  The  leakage  of  the  running  valve  would  appear 
to  be  much  greater  than  that  of  the  stationary  valves  in  the  author's 

experiments,   taking  into  consideration  the  difference  of  the  ratio  -> 

but  the  leakage  could  still  be  expressed  by  £Pn,  where  n  varied  between 
o'8  and  i'2  for  the  respective  variations  of  the  clearance  distance 
between  0*003  m-  and  o'ooi  in. 

Although  the  above-described  experiments  are  good  evidence  that 
valve  leakage  is  more  important  than  is  commonly  supposed,  it  should 
be  remembered  that  the  values  obtained  under  stationary  conditions, 
or  with  a  running  valve  and  blocked  ports,  are  not  obtained  under 
actual  working  conditions.  When  the  engine  is  working  ordinarily,  the 
valve  faces  and  ports  are  continually  swept  by  rushing  steam,  and  the 
temperatures  of  the  metal  in  the  neighbourhood  of  the  valve  may  then 
be  much  different  from  those  obtained  under  the  conditions  of  the  above 
experiments. 

The  author  has  devised  a  possible  method  of  determining  valve 
leakage  under  actual  working  conditions  which  does  not  appear  to 
have  been  previously  proposed  or  used.  He  has  not,  however,  had  any 
opportunity  of  putting  the  proposals  to  a  test.  The  proposed  arrange- 
ment is  illustrated  in  diagrammatic  outline  in  Fig.  114.  C  represents 
the  cylinder  of  a  slow-speed  single-acting  steam  engine;  S  and  E 
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respectively  represent  the  steam  and  exhaust  chests,  with  the  steam  inlet 

valve  Vs  and  the  exhaust 
valve  VE.  R  is  a  receiver 
_^  having  a  large  volume  com- 
pared to  that  of  the  steam- 
chest  S,  and  is  connected  to 
S  through  a  special  throttle 
valve,  Ts.  K  is  the  con- 
denser connected  to  the  ex- 
haust chest  E  through  the 
special  throttle  valve  TE. 
The  front  end  of  the  cylinder 
would  be  closed,  and  any 
piston  leakage  could  be  sepa- 
rately measured.  The  basis 
of  the  method  of  experiment 
consists  in  accurately  mea- 
suring the  steam  pressures 
in  the  receiver  R,  steam- 
chest  S,  cylinder  C,  exhaust 
chest  E,  and  condenser  K, 
FIG.  114.— Outline  arrangement  of  steam  engine  throughout  the  cycle  ofopera- 
for  measurement  of  valve  leakage  under  work-  tions.  Referring  to  Fig.  115, 
ing  conditions.  let  R^R^  S^,  QQ,  E^, 

KjKj  represent  the  respec- 
tive pressures  in  the  receiver,  steam  chest,  etc.,  arranged  in  correct 
phase  on  a  time  base  for  one  complete  cycle. 


I 


K 


/Zero  Pressure 2 


Time  Base 


FIG.  115. — Diagrams  to  illustrate  the  principle  of  valve  leakage  measurements 
under  working  conditions. 

Let  PR    =  time  average  of  the  absolute  steam  pressures  in  receiver  R 

during  a  cycle. 

Ps    =  time  average   of  the  absolute  steam  pressures  in  steam- 
chest  S  during  a  cycle. 
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Ps  ,  =  time  average  of  the  absolute  steam  pressures  in  steam- 
chest  S  from  i  to  2. 

Ps  =  time  average  of  the  absolute  steam  pressures  in  steam- 
chest  S  from  2  to  3. 

Ps  =  time  average  of  the  absolute  steam  pressures  in  steam- 
chest  S  from  3  to  4. 

P.s  =  time  average  of  ihe  absolute  steam  pressures  in  steam- 
chest  S  from  4  to  i. 

And  similarly  with  regard  to  the  pressures  in  the  receiver,  cylinder,  etc., 
between  the  same  points. 

Let  /„  =  time  required  for  one   cycle,  and   let   /  with   the  corre- 
sponding suffixes  denote  the  times  from  i  to  2,  2  to  3,  etc. 
Us  =  volume  of  steam-chest,  and  p§1,  Ps.2>  Ps.5i  Ps4»  represent   the 
densities  of  the  steam  in  the   chest  at  the  respective 
points  i,  2,  3,  4. 
W  =  weight  of  steam  passing  through  engine  per  cycle. 

Considering  the  flow  of  steam  through  the  throttle  valve  Ts,  then — 
W  =  CR/U  [WPR    and  Ps  1 

•"•  *•*•    L  r  \      **ii  n-* 


where  CR  is  a  constant  and  where  [<£(PH  ;  an(^  PS  )]  represents  that  the 
value  of  W  is  some  function  of  PR    and  Ps  ,  this  function  having  to 

be  determined  by  experiment  on  the  rate  of  steam-flow  through  the 
valve  Ts. 


and  PSn] 

Knowing  the  value  of  CR,  the  weight  of  steam  Ws    entering  the  steam- 

chest  between  the  admission  and  cut-off  points  i  and  2  respectively  is 
calculated  as  — 


and  the  weight  of  steam  Wc    entering  the  cylinder  in  the  same  time  is 
CR4j[<£(PRi  arjd  PS]  J]  +  Us(pSi  —  p^),  neglecting  any  small  condensation 

tion  and  re-evaporation  effects  in  the  steam-chest. 

Similarly,  during  the  expansion  of  the  steam  from  2  to  3  in  the 
cylinder  — 


/'leakage  past  steam  valve  during\   ,    Tr  /  \ 

=  (     expansion  period  2  and  3       )  +  Usfe  "  ft) 
Again,  W,    =  /leakage  past  steam  valve  during\  +  y  (     _     ) 
w      ^     the  exhaust  period  3  to  4        / 
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By  similar  calculations,  if  PE     and  PK      are   the  respective   time 
average  pressures  in  the  exhaust  chest  and  in  the  condenser,  then— 

W  =  CE.  /n[<£'(PEn  and  PKn)] 
W 


or  CK  = 


and  PKJ] 


n 


and  from  this  and  the  time  average  pressures  PE    and  PK    between  i 

12  12 

and  2,  the  exhaust  valve  leakage  during  steam  admission  would  be 
calculable.  In  a  similar  manner  exhaust  valve  leakage  during  ex- 
pansion 2  to  3  could  be  determined. 

It  is  evident  that,  if  such  a  method  as  this  were  to  be  successful,  the 
indicators  would  require  to  have  a  higher  degree  of  accuracy  than  is 
usually  obtained  from  the  pencil  and  piston  indicators,  and  whilst  the 
author  realizes  that  many  difficulties  might  arise  in  attempting  to  carry 
out  these  ideas,  he  believes  the  method  to  be  sound  in  principle. 


CHAPTER   VII 
BOILER    TRIALS 

AN  ordinary  commercial  boiler  test  is  generally  made  to  ascertain  the 
performance  and  efficiency  of  the  boiler  under  test,  without  particular 
reference  to  the  purely  physical  and  chemical  problems  which  enter  into 
the  production  of  heat  and  the  transference  of  heat  from  the  fuel  to  the 
water.  A  short  discussion  concerning  the  theory  of  the  transference  of 
heat  from  fluids  to  a  metal  surface,  and  from  such  a  surface  to  a  fluid, 
is  given  on  pp.  236-245. 

The  principal  measurements  to  be  made  in  a  boiler  test  are:  (i) 
consumption  of  fuel;  (2)  weight  of  feed  water  evaporated;  (3)  tem- 
perature of  feed  water;  (4)  steam  pressure  and  temperature;  (5)  dryness 
fraction  of  steam  leaving  the  boiler;  (6)  furnace  and  flue  draught;  (7) 
temperature  of  the  gases,  especially  on  leaving  the  boiler ;  (8)  air-supply 
and  analysis  of  flue  gases;  (9)  calorific  value  of  fuel  and  moisture 
contents ;  (10)  character  and  analysis  of  fuel  and  ashes. 

The  efficiency  and  performance  of  a  boiler  could  be  estimated  from 
the  results  of  observations  made  on  the  first-mentioned  five  or  six  and 
the  ninth  items ;  but  for  complete  information  relating  to  the  various 
losses  which  occur  in  a  boiler,  it  is  necessary  to  obtain  full  particulars 
of  all  the  items  enumerated.  It  is  evident  that  some  of  the  variable 
conditions  which  are  represented  in  the  above  statements  are  indepen- 
dent of  each  other,  whilst  some  are  not.  For  example,  the  first  and 
second  are  directly  interdependent,  and  both  may  also  be  dependent 
somewhat  upon  the  other  conditions,  whereas,  within  limits,  the  items 
enumerated  from  the  second  to  the  tenth  cannot  be  considered  to  be 
necessarily  dependent  on  one  another. 

Although  the  rule  that  not  more  than  one  independent  variable 
should  be  altered  during  the  course  of  one  set  of  tests  holds  good  to 
some  extent  in  boiler  tests,  under  ordinary  circumstances  it  is  ex- 
tremely difficult  to  ensure  constant  conditions  for  any  great  length  of 
time,  and  for  entirely  different  tests  the  difficulty  is  much  increased ; 
hence  a  series  of  boiler  tests  often  appear  to  give  erratic  results.  The 
furnace  conditions  are  most  difficult  to  control  when  uniformity  is 
attempted,  more  especially  if  different  stokers  are  employed  at  different 
times,  so  that  an  experimenter  should  be  careful  to  keep  in  mind  that, 
unless  special  precautions  are  taken,  the  results  of  a  series  of  boiler  trials 
may  be  most  disappointing  so  far  as  regards  their  general  consistency. 

Before  a  boiler  test  is  commenced  the  objects  of  the  test  should  be 
definitely  ascertained,  and  should  be  kept  in  view  when  making  arrange- 
ments and  also  during  the  course  of  the  test.  All  necessary  dimensions 


174       THE    TESTING    OF  MOTIVE-POWER  ENGINES 


should  be  obtained  either  from  the  boiler  or  from  an  authentic  drawing, 
and  the  condition  of  the  boiler  and  of  the  brickwork  setting  should  be 
noted.  All  observations  should  be  carefully  and  systematically  recorded 
as  soon  as  they  are  made,  so  as  to  obviate  the  introduction  of  errors  such 
as  might  occur  if  matters  of  importance  were  left  to  the  memory. 

The  following  description  of  the  starting  and  stopping  of  a  boiler 
trial  or  test,  and  the  remarks  relating  to  the  duration  of  trials  (pp.  174- 
181),  are  copied  from  the  Report  of  the  Committee  of  the  Institution 
of  Civil  Engineers  on  "  The  Best  Methods  of  Tabulating  the  Results  of 
Steam  Engine  and  Boiler  Trials,"  volume  cl.1 

Starting  and  Stopping  the  Trial.—"  The  best  way  of  starting  and 
finishing  a  boiler  trial  must  be  decided  by  the  principal  observer  on  the 
spot,  because  it  is  governed  by  the  conditions  under  which  the  boiler  has 
to  work,  but  one  of  the  following  three  methods  may  generally  be  used." 

A.  First  Method,  applicable  when  the  rate  of  evaporation  can  be 
kept  uniform  throughout  the  trial. — The  fires  having  been  cleaned  and 
made  up  a  short  time  before  it  is  intended  to  start  the  trial,  and  every- 
thing being  in  the  ordinary  working  condition,  the  principal  observer 
gives  the  signal  by  blowing  a  whistle  to  commence  firing  with  fuel  from 
the  first  bag  or  box  of  coal;  at  the  same  instant  the  feed-pump  should 
be  started  upon  the  first  measured  tank  of  water,  and  the  level  of  the 
water  in  the  boiler  and  in  the  feed-water  tank  should  be  noted. 

The  time  at  which  the  above  three  things  are  done  is  taken  as  the 
starting-time  of  the  trial.  Throughout  the  trial  the  time  of  commencing 
and  finishing  each  bag  or  box  of  coal  and  each  tank  of  water  must  be 
carefully  noted,  and  also  the  level  of  the  water  in  the  gauge-glass.  While 
the  trial  is  proceeding  it  is  advisable  if  possible  to  plot  both  the  fuel  and 
feed  measurements  to  a  time  base,2  as  in  this  way  a  most  valuable  check 


Time 


FIG.  116. 


on   the   observations   is   obtained.     The   following   diagram   for   coal 
consumption  (Fig.  116)  will  more  fully  explain  the  method : — 

1  Refer  to  pp.  136,  199  also. 

2  The  weight  of  coal  in  a  given  charge  should  not  be  plotted  over  the  time  when 
it  is  fired,  but  over  the  time  of  firing  the  first  shovelful  of  the  next  charge. 
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If  a  fair  line  be  drawn  for  the  water  and  fuel  observations  so  plotted, 
the  fuel  and  water  used  per  hour  are  at  once  obtained.  It  will  be  noticed 
in  the  diagram  that  the  effect  of  cleaning  the  fires  is  very  definitely 
shown  ;  by  taking  the  fair  lines  on  either  side  of  this  point  and  averaging 
them,  the  bad  effect  of  cleaning  the  fires  on  the  accuracy  of  the  results 
from  a  scientific  point  of  view  is  eliminated.  For  .practical  purposes 
the  effect  of  cleaning  fires,  stopping  for  dinner  hour,  etc.,  has  to  be 
recorded. 

The  fuel  measurements  may  be  stopped  after  about  ;/  hours'  run  at 
the  moment  any  bag  or  box  of  coal  is  finished,  n  being  a  multiple  of 
the  time  it  is  possible  to  run  the  boiler  without  cleaning  the  fires.  The 
grates  should,  of  course,  be  cleaned  and  the  fires  made  up  previous  to 
the  stoppage  as  they  were  previous  to  the  start,  and  similarly  at  about 
the  same  time  the  feed  measurements  may  be  stopped  when  any  tank  is 
finished.  It  is  desirable  that  the  water-gauge  level  should  be  the  same 
at  the  end  as  it  was  at  the  beginning ;  if  this  is  not  possible,  the  correction 
should  be  made  on  the  diagram  before  drawing  the  fair  line. 

The  weight  of  water  corresponding  to  a  difference  of  level  of 
each  Tj  in.  in  the  boiler  should  be  determined  before  the  trial  begins, 
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in  order  that  the  correction  to  the  feed  measurements  may  be  plotted  as 
the  trial  proceeds.1     In  the  diagram  (Fig.  117)  the  full  line  shows  the 

1  Author's  Note. — It   should  be  remembered  that  when  the  final  level  is  higher 
than  the  initial  one,  the  weight  of  water  to  be  deducted  from  the  measured  feed  is 
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rate  at  which  the  feed  was  pumped  into  the  boiler,  and  the  dotted  line 
the  rate  corrected  for  differences  of  level  in  the  boiler,  or  the  rate  of 
water  evaporation. 

B.  Second  Method. — The  fires  are  lighted  long  enough  before  the 
intended  time  for  commencing  the  trial  to  bring  everything  into  uniform 
condition.  If  the  boiler  has  been  working  for  some  time,  all  the  fires 
are  thoroughly  cleaned  and  got  into  good  order,  and  the  rate  of 
evaporation  and  the  corresponding  feed  are  then  adjusted  as  nearly  as 
possible  to  the  intended  rate.  About  a  quarter  of  an  hour  before  the 
time  fixed  for  the  start  sufficient  water  is  put  into  the  feed-tank  to  last 
for  this  interval  of  time ;  the  firing  of  the  boiler  is  stopped,  any  coal 
lying  near  the  boiler  or  on  the  firing-plate  being  swept  up  and  removed. 
The  fire  is  now  examined  carefully  from  time  to  time  and  raked  up  to 
close  any  holes,  and  the  pressure-gauge  is  carefully  watched  and  noted 
at  short  intervals,  until,  at  a  fairly  distinct  moment,  the  pressure  begins 
to  drop  rapidly.  This  is  the  moment  at  which  the  heat  supplied  from 
the  furnace  becomes  insufficient  to  maintain  the  rate  of  evaporation,  and 
this  instant  is  noted  as  the  beginning  of  the  trial,  and  the  following 
operations  are  then  effected  : — 

(a)  The  feed-pumps  are  stopped.1 

(b)  The  height  of  the  water  in  the  boiler  gauge-glass  is  noted.     (It 

is  a  good  plan  to  make  a  mark  on  a  smooth  piece  of  wood 
fixed  to  the  back  of  the  gauge-glass.) 

(c)  All  ashes  are  cleaned  out. 

(d)  The  first  bag  or  box  of  coal  is  emptied  on  to  the  floor  and 

stoking  is  recommenced. 

(e)  The  level  of  the  water  in  the  feed-water  tank  is  noted,  and  the 

feed-pumps  are  again  started. 

Throughout  the  trial  every  endeavour  should  be  made  to  keep  the 
rate  both  of  evaporation  and  of  the  feed  constant,  and  to  maintain 
constant  pressure  in  the  boiler  with  the  least  possible  variation  of  level 
in  the  height  of  the  water  in  the  gauge-glass.  To  attain  this,  great  care 
is  needed  throughout  the  whole  of  the  experiment. 

not  the  weight  of  the  layer  of  water  contained  between  the  two  levels,  for  this  water 
has  received  a  certain  amount  of  heat  from  the  fuel.  If  W  be  the  pounds  weight  of 
water  between  the  two  gauge  levels,  t  and  T  the  temperatures  of  the  feed  and  of  the 
steam  respectively,  L  the  latent  heat  in  I  Ib.  steam  at  temperature  T,  and  w  Ibs. 
the  equivalent  weight  of  evaporated  water,  then — 

W(T  -  /) 
W  =  T-/+L 
Weight  to  be  deducted  from  measured  feed  =  ( W  —  w)  instead  of  W. 

This  calculation  cannot  be  more  than  roughly  approximate,  especially  in  the  case 
of  return  tube  marine  boilers,  where  it  is  usual  to  connect  the  gauge  glasses  to  the 
bottom  and  top  of  the  boiler  by  external  pipes,  which,  being  comparatively  cold,  may 
contain  water  of  greater  density  than  that  in  the  boiler.  It  is  thus  possible  to  have 
several  inches  of  a  difference  of  level  between  the  water  in  the  gauge  glasses  and  that 
in  the  boiler. 

When  the  final  level  is  lower  than  the  initial,  the  weight  to  be  added  to  the 
measured  feed  is,  of  course,  the  actual  weight  W  of  the  layer  of  water  contained 
between  the  two  gauge  levels  at  the  temperature  T. 

1  If  there  is  an  economiser  the  stoppage  should  be  of  very  short  duration. 
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Near  the  end  of  the  trial,  the  last  bag  of  coal  having  been  emptied 
on  to  the  floor  and  finally  fired  (special  care  must  be  exercised  to 
maintain  the  same  rate  of  evaporation),  and  the  water  height  in  the 
gauge-glass  having  been  brought  back  to  what  it  was  at  the  beginning  of 
the  trial  by  regulation  of  the  feed,  the  steam  gauge  is  again  carefully 
watched,  and  the  instant  at  which  it  again  begins  to  show  a  notable  fall 
is  taken  as  the  time  of  the  finish  of  the  trial.  It  may  be  assumed  that 
at  this  instant  the  furnace  again  ceases  to  supply  sufficient  heat  to 
maintain  the  working  pressure  at  the  rate  of  evaporation  which  has  been 
used  during  the  trial,  and  that  therefore  the  condition  of  the  fire  and  of 
the  boiler  generally  is  the  same  as  it  was  at  the  beginning  of  the  trial.1 

It  will  always  be  found  best,  when  running  a  trial  by  this  method,  not 
to  inform  the  stokers  that  it  is  intended  to  finish  the  trial  at  any  given 
time,  or  they  will  probably  unconsciously  slacken  the  stoking.  It  will 
be  noticed  that  by  this  method  the  precise  moment  of  ending  the  trial 
is  not  predetermined,  but  it  should  preferably  be  made  later  than  a 
previously  fixed  hour. 

The  time  of  throwing  on  the  first  shovelful  of  each  of  the  weighed 
charges  should  be  carefully  noted,  and  it  will  probably  be  a  check 
to  stop  the  stoking  at  an  instant  when  the  stokers  are  just  about  to 
begin  throwing  coal  on  to  the  fire  from  a  new  charge,  as  this  is  the  time 
at  which,  in  the  judgment  of  the  stoker,  the  last  charge  was  as  com- 
pletely burnt  as  its  predecessors.  This  instant  of  time  will  mark 
approximately  the  last  spot  on  the  straight  part  of  the  plotted  line  of 
fuel  consumption.  As  in  the  rate  method,  the  coal  used  should  be 
plotted  on  a  time  base ;  but  it  is  advisable  perhaps  to  plot  the  weight  of 
each  charge,  not  for  the  time  when  the  first  shovelful  of  that  charge  was 
thrown  on  to  the  fire,  but  when  the  first  shovelful  of  the  following 
charge  was  thrown  on,  the  assumption  being  that  the  charge  is  com- 
pletely burnt,  not  at  the  time  when  it  is  put  on,  but  at  the  time  when 
more  coal  is  required  to  maintain  the  regular  rate  of  evaporation.  In 
a  trial  perfectly  conducted  in  this  marrner  the  plotted  coal  line  should 
pass  through  the  origin,  as  shown  in  the  diagram  (Fig.  118).  It  will  fall 
above  or  below  the  origin  according  to  whether  too  kttle  or  too  much 
unburnt  coal  was  on  the  grate  at  the  beginning  of  the  trial,  and  the 
amount  is  given  by  the  intercept  on  the  vertical. 

C.  The  Third  Method,  applicable  when  the  boiler  can  be  run  at 
approximately  the  normal  rate  for  some  time  previous  to  the  com- 
mencement of  the  trial,  is  as  follows  : — 

(i)  The  boiler  having  been  at  work  at  full  pressure  long  enough 
to  heat  the  brickwork  (if  any)  to  the  normal  working  temperature,  the 
principal  observer  should  order  the  fires  to  be  cleaned,  and  note  the 
time  of  giving  the  order.  This  order  should  be  given  as  short  a  time 
before  the  commencement  of  the  trial  as  will  allow  of  the  grates  being 
cleaned,  and  the  fires  made  up  and  burnt  through  before  the  starting 

1  The  feed-pump  should  be  at  once  shut  off,  and  the  feed-water  tank  filled  to  the 
same  level  as  it  was  at  the  start,  from  one  of  the  measuring-tanks,  or  else  the  level  of 
the  water  in  the  feed-water  tank  when  the  pumps  were  shut  off  may  be  noted,  as  at 
the  start. 

N 
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time ;  half-an-hour  to  an  hour  will  generally  suffice,  but  of  course  the 
time  required  depend  on  the  number  of  furnaces,  the  adhesiveness  of 
the  clinker,  and  the  number  of  stokers  available.  The  fires  should  be 
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cleaned  in  some  definite  order,  say  from  right  to  left,  and  should  be  at 
once  made  up  with  unweighed  coal. 

(2)  The  ashpits,  the  flues  behind  the  bridges,  and,  in  the  case  of 
travelling  bars,  the  flues  beyond  the  back-ends  of  the  grates,  should  be 
cleaned  out.     It  is  true  that  the  removal  of  all  the  hot  clinker  and 
burning  fuel  from  the  flues  generally  reduces  the  evaporation,  owing 
partly  to  the  removal  of  a  considerable  quantity  of  hot  material,  but 
principally  to  increased  admission  of  cold  air  past  the  ends  of  the  bars 
and  round  the  doors  below  the  back  ends  of  the  grates.     When  merely 
comparative  results  are  required  the  loss  is  of  no  consequence ;  but  if 
absolute  economy  is  being  tested,  either  some  allowance  must  be  made 
to  the  guarantor  of  the  boiler,  or  the  trial  must  be  continued  long 
enough  to  render  this  effect  negligible. 

(3)  While  the  fires  are  burning  through,  the  ashes,  etc.,  should  be 
removed  from  the  stokehold  floor,  but  they  are  not  to  be  weighed. 

(4)  As  soon  as  the  fires  have  burnt  clear  and  as  low  as  is  com- 
patible with  keeping   up   the   steam  pressure,  the  principal   observer 
should  again  note  the  time,  and  blow  a  whistle  or  ring  a  bell  to  notify 
the  commencement  of  the  trial  to  his  assistants,  who  will  immediately 
note   the  water-levels   in   the   gauges   and   the  steam  pressure.     The 
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principal  observer  himself  should  then  take  a  rake  or  a  specially  made 
tool,  level  and  gauge  each  fire  in  several  places,  and  note  the  average 
thickness  on  each  grate.  If  the  fires  be  not  more  than  3  ins.  or 
4  ins.  thick,  the  duration  of  the  trial  necessary  to  attain  any  required 
degree  of  accuracy  may  be  halved  by  pushing  the  whole  of  the  fire  on 
to  the  back  half  of  the  grate  before  gauging  the  thickness.  The  weight 
of  fuel  in  pounds  on  each  grate  may  be  taken  as  A  X  T  X  2*5  for  slack, 
or  as  A  X  T  x  1 7  for  large  coal,  where  A  is  the  area  in  square  feet  of 
the  part  of  the  grate  covered  by  the  fuel,  T,  the  average  thickness  of 
the  fuel  in  inches. 

(5)  About  half  an  hour  or  an  hour  before  the  intended  conclusion 
of  the  trial,  according  to  the  time  occupied  in  preparation  before  the 
commencement,  the  principal  observer  should  note  the  time,  and  then 
superintend  (a)  the  cleaning  and  making  up  of  the  fires  in  the  same 
order  in  which  they  were  cleaned  before  the  trial ;  (b)  the  cleaning  of 
the  ashpits  (and  in  the  case  of  moving  bars,  the  flues  beyond  the  ends 
of  the  bars).     The  ashes  and  clinkers  removed  from  grates,  ashpits  and 
flues  on  this  occasion  must  be  weighed,  but  no  ashes,  clinker,  or  fuel 
that  may  accumulate  on  the  bars,  or  in  the  ashpits  and  flues  after  the 
cleaning,  must  be  withdrawn  or  taken  account  of.     During  this  time 
the  principal  observer  should  carefully  watch  the  fires  to  see  that  they 
are  burning  evenly  through,  and  not  becoming  so  thin  as  to  form  holes, 
through  which  air  can  flow,  and  so  reduce  the  steam  pressure.     It  is 
not  necessary  that  they  should  be  exactly  the  same  thickness  as  at  the 
commencement  of  the  trial,  but  they  ought  to  be  of  the  same  quality, 
i.e.  as  well  burnt  and  without  green  coal. 

(6)  At  the  end  of  the  allotted  time  the  principal  observer  should 
again  blow  his  whistle,  so  that  the  water-feed,  and  if  there  be  mechanical 
stokers,  the  coal-feed,  may  be  stopped  and  the  water  and  steam-gauges 
read  by  his  assistants.     He  himself  should  again  gauge  the  thickness 
of  the  fires  as  at  the  commencement  of  the  trial,  so  that  the  weight  of 
fuel  on  the  grates  may  be  calculated.     If  this  exceeds  or  falls  short  of 
the  weight  on  the  grates  at  starting,  the  excess  or  deficiency  must  be 
deducted  from  or  added   to  the  weight  of  fuel  used  during  the  run. 
(Strictly  speaking,  the  excess  or  deficiency  should  be  multiplied  by  the 
fraction  representing  the  combustible  proportion  of  the  fuel,  and  the 
product  deducted  from  or  added  to  the  weight  of  dried  fuel  used,  but 
this  refinement  is  practically  unnecessary,  as  the  error  introduced  by 
neglecting  it  will  in  general  be  quite  negligible.) 

At  the  end  of  the  trial  it  is  not  necessary  and  generally  not  advis- 
able to  attempt  to  bring  the  water  in  the  boiler  up  to  exactly  the  same 
level/  or  the  fires  to  exactly  the  same  thickness,  as  at  the  beginning. 

The  things  that  should  be  brought  to  the  same  state  at  the  beginning 
and  end  of  the  trial  are  :  (i)  the  quantity  of  heat  stored  in  the  brick- 
work ;  (2)  the  quantity  of  heat  stored  in  the  economiser ;  (3)  the  steam- 
pressure  approximately ;  (4)  the  rate  of  evaporation  per  unit  of  time, 
since  the  height  of  the  water  in  the  gauge-glass  is  thereby  materially 
affected,  being  always  higher — often  i  in.  higher — when  the  boiler  is 
1  See  footnote,  p.  175. 
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giving  off  its  full  supply  of  steam  than  when  evaporation  has  nearly 
ceased. 

In  many  classes  of  boilers  the  water-gauges  can  be  read  to  within 
\  in.,  but  sometimes  it  is  difficult  to  decide  the  level  within  \  in. 
The  possible  algebraic  sum  of  the  errors  at  the  beginning  and  end 
of  the  trial  may  therefore  be  J  in.  to  i  in.  Hence,  to  obtain  an 
accuracy  of  i  per  cent.,  the  duration  of  the  trial  should  be  sufficient  for 
the  evaporation  of  a  weight  of  water  equal  to  100  times  the  weight  of 
a  layer  of  water  \  in.  to  i  in.  in  thickness,  according  to  the  mobility 
of  the  level  in  the  gauge-glass.  This  will  nearly  always  be  less  than 
the  duration  required  to  ensure  an  equal  degree  of  accuracy  in  estimating 
the  fuel-consumption. 

Duration  of  Trial.  —  When  the  conditions  mentioned  in  the  last  para- 
graph cannot  be  obtained,  at  least  approximately,  a  long  trial  is  necessary 
to  ensure  accuracy,  but  when  matters  can  be  so  arranged  that  the  trial 
may  be  considered  as  a  slice,  so  to  speak,  cut  out  of  a  period  of  uniform 
working,  then  the  duration  of  the  trial  depends  principally  upon  the 
magnitude  of  the  error  likely  to  be  made  in  judging  the  condition  and 
thickness  of  the  fires  at  the  beginning  and  end  of  the  trial  as  compared 
with  the  weight  of  fuel  burnt  during  the  trial.  This  judgment  should 
therefore  be  made  by  the  principal  observer.  In  most  cases  he  will 
find  it  possible  to  measure  the  thickness  of  the  fuel  on  the  grate  to 
within  i  in.  The  weight  of  a  layer  of  fuel  i  in.  thick  should  there- 
fore represent  the  maximum  error  in  measuring  the  thickness  of  the 
fire,  and  this  error  may  be  in  opposite  senses  at  the  beginning  and  end 
of  the  trial.  If  therefore  A  be  the  area  in  square  feet  of  the  part  of  the 
grate  covered  by  the  fuel  when  the  measurement  is  made,  and  C  the 
weight  of  a  cubic  foot  of  incandescent  fuel  which  will  vary  between 
30  Ibs.  for  small  slack  and  20  Ibs.  for  large  coal,  the  total  error  should 

CA 

not  exceed  C  x  A  X  -^  =  —f~  ^s-     Therefore  if  W  be  the  number  of 

pounds  of  fuel  burnt  per  hour,  the  duration  of  trial  which  will  reduce 

the  total  error  to  i  per  cent,  of  the  total  fuel  burnt  is  ^^-  —  hours, 

6W 

and  to  n  per  cent,  of  the  total  fuel  burnt     ,  „,    hours.     In  making 


use  of  this  formula,  however,  it  is  necessaryto  have  some  regard  to  the 
quality  as  well  as  the  size  of  the  fuel.  When  it  contains  much  dirt  or 
makes  a  pasty  clinker,  the  bars,  if  not  self-cleaning,  have  to  be  cleaned 
at  short  intervals  by  the  firemen,  and  at  each  cleaning  there  is  loss  of 
heat  and  combustible  matter.  The  duration  of  the  trial  and  the  times 
of  cleaning  should  therefore  be  so  arranged  as  to  give  this  loss  the 
same  average  value  that  it  would  have  if  the  trial  were  indefinitely 
prolonged.  For  instance,  if  the  fuel  were  such  as  to  make  cleaning 
necessary  every  4  hours,  it  would  be  unfair  to  make  a  5  hours'  trial  ; 
8  hours  would  be  the  proper  time  ;  or,  if  it  were  not  possible  to  have 
the  trial  longer  than  5  hours,  a  more  accurate  result  would  be  obtained 
by  working  for  4  hours  only  and  cleaning  the  fire-grates  only  once. 
In  connection  with  the  duration  of  boiler  trials,  it  should  be 
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remembered  that  if  one  boiler  burns  more  coal  per  square  foot  of  grate 
area  than  another  per  unit  of  time,  the  trial  may  be  of  proportionally 
shorter  duration  without  increase  of  error.  The  only  object  of  pro- 
longing the  trial  is  to  reduce  the  importance  of  an  error  in  judgment 
as  to  the  condition  of  the  fire  at  the  beginning  and  at  the  end  of  the 
test.  This  error  may  be  taken  to  represent  a  constant  weight  of  say 
w  Ibs.  of  coal  on  a  grate  of  given  area  for  a  trial  of  any  length. 

When  burning  W  Ibs.  of  coal  per  hour  the  coal  burnt  in  N  hours 

will  be  N  X  W,  and  the  fractional  error  will  be  ^  x  ^ - .     The  second 

term  of  this  fraction  is  the  only  one  usually  considered,  hence  long 
trials,  which  are  necessary  with  slow  rates  of  combustion,  are  some- 
times specified  without  reason  in  the  case  of  trials  under  forced  draught. 
If  W  is  greatly  increased  the  percentage  error  is  not  increased  by 
reducing  the  duration  of  the  trial.  This  is  shown  graphically  in 
Fig.  119.  In  each  of  the  four  trials  shown  on  this  diagram  at  different 
rates  of  combustion  the  same  weight  of  coal  is  burnt.  Since  in  i  hour 
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in  the  one  trial  as  much  coal  is  burnt  as  in  4  hours  in  another,  the 
percentage  error  is  only  the  same  in  both  cases,  although  the  duration 
of  the  trial  in  the  one  case  is  i  hour  and  in  that  of  the  other 
4  hours. 

Weighing  of  Fuel. — The  weighing  of  the  fuel  and  the  recording  of 
such  weighings  are  matters  of  considerable  importance.  The  stack  of 
fuel  to  be  used  should  be  kept  quite  clear  from  the  boiler,  so  as  to 
preclude  the  possibility  of  any  unweighed  fuel  being  transferred  to  the 
firing  floor.  A  box  or  pan,  capable  of  holding  say  200  Ibs.  of  fuel, 
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could  be  placed  on  a  weighing  machine  which  is  accurate  to  \  Ib.,1  and 
200  Ibs.  of  fiiel  would  be  weighed  out  periodically  and  placed  on  the 
firing  floor.  It  is  preferable  to  use  a  sheet-iron  box  or  pan  rather  than 
one  of  wood,  as  the  latter  might  absorb  moisture  from  the  fuel,  and  in 
any  case  the  weight  of  the  empty  box  should  be  obtained  periodically 
during  the  test  and  recorded.  The  time  of  starting  and  finishing  each 
separate  weighing  of  fuel  should  be  recorded,  and  only  one  weighing 
should  be  allowed  on  the  firing  floor  at  any  time,  so  that  there  would 
be  little  likelihood  of  missing  or  neglecting  to  record  a  weighing  of 
fueL  Messrs.  Avery,  of  Birmingham,  make  a  special  machine  for  the 
weighing  of  coal. 

If  it  were  intended  to  measure  the  calorific  value  of  the  fuel,  an 
average  sample  of  the  fuel  would  be  necessary.  A  convenient  method 
of  sampling  is  to  take  about  a  quarter  shovelful  of  the  fuel  at  each  filling  of 
the  weighing  box,  and  to  place  this  into  an  air-tight  metal  or  glass 
vessel.  At  the  finish  of  the  test  the  whole  of  the  collected  samples 
would  be  emptied  on  the  floor  and  rapidly  mixed,  then  formed  into  a 
square  and  divided  into  four  equal  parts.  Two  of  the  opposite  parts 
would  be  selected  and  further  mixed  and  then  divided  into  four  parts, 
this  quartering  and  mixing  process  being  repeated  until  a  weight  of 
2  or  3  Ibs.  is  obtained,  representing  an  average  sample.  This  would 
then  be  placed  in  an  air-tight  sealed  bottle  or  canister. 

Feed-water  Measurements. — Before  the  start  of  a  test  a  careful 
inspection  of  the  feed  connections  should  be  made  to  see  that  there  is 
no  leakage  at  any  joint  or  at  the  feed  pumps;  or,  if  any  leakage 
occurs,  it  should  be  caught  and  measured  during  the  test.  All 
unnecessary  connections  to  the  feed-pump  suction  and  delivery  pipes 
should  either  be  blanked  off"  or  detached  so  as  to  make  sure  that  there 
could  be  no  water  leakage  at  these  points.  A  valve  cannot  always  be 
relied  upon  to  prevent  leakage.  Similarly,  watch  should  be  kept  on 
the  boiler  drains  or  blow-off  connections,  and  on  the  drain  from 
the  economiser  safety  valve  if  an  economiser  is  in  use.  It  is  also 
advisable  to  prevent  any  condensed  steam  in  the  steam  pipes  from 
running  back  into  the  boiler,  since  such  condensed  steam  would  have 
to  be  re-evaporated  without  being  measured  if  the  slope  of  the  steam 
pipes  allowed  it  to  run  back  to  the  boiler. 

Perhaps  the  most  accurate  method  of  measuring  the  feed  water  is 
to  use  an  iron  tank  on  a  weighing  machine  of  about  500  Ibs.  capacity, 
and  placed  so  that  the  outlet  cock  from  the  weighing  tank  could  rapidly 
discharge  the  water  into  the  feed-suction  tank,  this  latter  tank  being 
made  about  two  or  three  times  the  capacity  of  the  weighing  tank.  An 
adjustable  hook  gauge  H  (Fig.  120)  could  be  fixed  in  the  suction  tank  so 
that  the  starting  level  in  this  tank  could  be  accurately  observed.  After 
each  weighing  has  been  run  into  the  suction  tank,  the  weight  should 
be  recorded  on  the  observation  sheet  opposite  the  exact  time  at  which 
the  water-level  in  the  suction  tank  afterwards  came  down  to  the  hook 

1  That  is,  an  increase  or  decrease  of  \  Ib.  would  cause  the  scale  beam  to  move 
from  the  equilibrium  position. 
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gauge  point,  after  which  another  weighing  would  be  iirfiodarrd,  and  so 
on  during  the  whole  duration  of  the  test. 

Another  arrangement  is  shown  in  Fig.  120,  and  is  often  used.  Two 
measuring  tanks,  M,  M,  each  of  about  tern 
capacity,  would  be  placed  over  a 
suction  tank  of  about  twice  the  above 
capacity,  and  each  measuring  tank 
should  be  provided  with  a  central 
overflow  pipe  B  which  would  lead  the 
overflow  water  to  the  drains.  The 
outlet  cocks  should  be  large  enough 
and  should  be  placed  so  that  the 
measuring  tanks  could  be  completely 
emptied  in  about  half  the  time  which 
would  be  required  to  fill  them  at  the 
expected  maximum  rate.1  A  record 
should  be  kept  of  each  filling  (see 
p.  198),  placed  against  the  time  at 

which  the  water  in  the  suction  tank 

next  came  down  to  the  standard  hook    Vtf,  , 

1  i  vra  -  i  HC.  I3UL— J 

gauge  level.      The   measuring  tanks 

would  be  calibrated  either  before  or 

after  the  test  by  filling  with  a  measured  quantity  of  water  at  about 

the    temperature    of    the    feed.      A   standard  two-gallon 

vessel  might  be  used  for  this  purpose,  or  any  narrow-necked 

of  known   capacity,  or  the  tanks   might  be  placed  on 

machine  and  the  weight  of  water  required  to  fill  them  noted.    When 

the  overflow  pipe  is  arranged  as  shown  at  about  the  centre  of  the  tank, 

the  quantity  of  water  required  to  fin  the  tanks  would  be  practically 

independent  of  the  precise  setting  of  these  tanks.     Graduated  gauge 

glasses  or  copper  floats  with  scales  might  be  used  on  the  measuring 

tanks,  but  under  ordinary  conditions  these  are   not  necessary,  since 

there  is  little  difficulty  in  arranging  the  finish  of  the  test,  so  far  as 

regards  die  supply  of  feed  water,  to  be  that  at  the  finish  of  any  one 

particular  filling. 

A  single  measuring  tank  can  be  used  instead  of  the  two  tanks,  bat, 
like  the  weighing-tank  method  described  on  p.  182,  it  requires  a  supply 
of  water  in  excess  of  the  boiler  requirements  in  order  that  the  measuring 
tank  could  easily  fill  ready  for  the  next  discharge  into  the  suction 
tank. 

The  direct  measurement  of  feed  water  or  condensed  steam  in  the 
case  of  marine  engine  or  boiler  trials  on  board  ship  generally  requires 
two  measuring  vessels  with  narrow  conical  necks  at  the  top  and  bottom, 
so  that  the  tanks  could  be  filled  quite  accurately  and  completely 
emptied,  although  the  ship  might  be  in  motion. 

A  convenient  water-measuring  arrangement  for  large  steam  engine 
and  boiler  installations  where  the  condensed  steam  is  returned  to  the 
boiler,  is  to  allow  die  condensed  steam  from  the  hot  well  to  run  into  a 

1  For  calculation  of  cock  diameter  necessary,  refer  to  p.  - 
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closed  tank  having  one  or  more  calibrated  orifices.  When  constant 
conditions  are  attained,  the  height  of  the  water  in  the  tank  above  the 
centre  of  the  orifices  is  a  measure  of  the  rate  of  flow  (see  p.  224). 

Water  meters  are  not  sufficiently  accurate  for  measuring  boiler  feed, 
except  for  approximate  results,  and  even  then  the  meter  should  be 
tested  at  about  the  rate  of  water  flow  obtaining  during  the  boiler  test. 

If  there  happened  to  be  any  hot-water  return  connections  to  the 
boiler  under  test,  such  should  be  detached  and  the  water  led  into 
the  feed  measuring  tanks,  or,  if  this  were  not  possible,  a  calibrated 
measuring  vessel  should  be  introduced  into  the  return  pipe  system,  so 
that  the  rate  at  which  the  water  returned  to  the  boiler  could  be 
periodically  measured.  The  temperature  of  such  water  should  also  be 
obtained  at  the  proper  intervals. 

At  the  start  of  a  test,  and  periodically  during  the  course  of  the  test, 
the  water-level  in  the  boiler  as  shown  by  the  gauge  glasses  should  be 
measured  and  recorded  opposite  the  particular  time  of  observation. 
It  is  generally  convenient  to  mark  the  starting  level  in  the  boiler  on  a 
wooden  rod,  which  could  be  fixed  behind  the  gauge  glasses,  and  if  there 
happened  to  be  more  than  one  gauge  glass,  each  one  should  be 
observed  in  the  same  manner.  The  water  in  the  gauge  glasses  would 
probably  oscillate  somewhat,  and  the  mean  height  should  be  taken  to 
represent  the  water-level  in  the  boiler,  though  the  level  is  liable  to  be 
affected  by  the  rate  of  evaporation.  The  temperature  of  the  feed 
water  at  the  inlet  to  and  outlet  from  the  feed  heater,  and  the  inlet  feed 
to  the  boiler,  could  be  measured  by  mercury  thermometers  inserted 
into  deep  pockets,  with  a  little  mercury  or  oil  poured  into  the  pockets 
to  increase  the  thermal  contact. 

The  pressure  gauge  could  be  tested  either  before  or  after  the  test 
by  the  methods  explained  on  p.  43. 

Dryness  Fraction  of  Steam. — When  a  boiler  is  undergoing  an 
ordinary  test  at  a  moderate  rate  of  evaporation,  it  is  commonly  assumed 
that  the  steam  is  practically  in  the  dry  saturated  condition  as  it  leaves 
the  boiler,  unless  there  is  reason  to  suspect  priming,  but  for  a  complete 
test  the  dryness  fraction  of  the  steam  should  be  ascertained.  Several 
methods  have  been  proposed  and  used  for  this  purpose,  but  none  of 
them  can  be  guaranteed  for  absolute  accuracy.  The  principal  methods 
which  have  been  used  are  based  upon  the  following  principles  : — 

(1)  The  condensing  of  either  a  collected  sample  or  the  whole  of 
the  steam  in  some  special  form  of  condenser,  and  measuring  the  heat 
given  up  by  the  steam  in  condensing ;  then  comparing  this  with  the 
heat  which  would  be  given  up  by  the  same  weight  of  dry  saturated 
steam  in  condensing. 

(2)  Passing  a  small  supply  from  the  steam-pipe  through  a  special 
separator,  which  is  supposed  to  collect  all  the  moisture  in  the  steam 
passing   through;    the  steam   leaves   the  separator  to   be  condensed. 
This  instrument  is  termed  a  "  steam-separating  calorimeter." 

(3)  Throttling  a  small  supply  of  steam  from  the  boiler  pressure  to 
the  atmospheric  pressure,  and  noting  the  superheat  produced  at  atmo- 
spheric pressure.     Sometimes  it  is  necessary  to  use  a  special  separator 
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in  combination.  The  instrument  is  known  as  a  "  steam-throttling 
calorimeter." 

(4)  The  salt  test,  whereby  common  salt  is  put  into  the  feed  water, 
and  a  chemical  test  used  to  detect  whether  any  of  the  saltness  appears 
in  the  steam  after  a  sample  is  collected  and  condensed.  Should  the 
steam  leave  the  boiler  without  moisture,  that  is,  just  dry  saturated,  the 
chemical  test  should  then  show  that  no  salt  is  present  in  the  condensed 
sample  of  steam,  because  no  liquid  particles  were  carried  by  the  steam. 

The  most  reliable  and  convenient  of  these  methods  are  Nos.  2  and  3, 
but  more  especially  No.  3.  The  first  method  requires  an  elaborate 
condenser  and  weighing  machines,  and  all  the  temperatures,  etc.,  have 
to  be  accurately  determined.  The  last  method,  No.  4,  is  not  reliable, 
nor  is  it  even  convenient  for  ordinary  purposes.  Should  the  reader 
desire  further  information  regarding  method  4,  reference  should  be 
made  to  a  paper  read  by  Professor  Unwin  on  "  The  Determination 
of  the  Dryness  Fraction  of  Steam."  1 

Condensing  Calorimeters. — Attempts  have  been  made  to  estimate 
the  dryness  fraction  of  steam  by  sending  the  steam  into  a  well-covered 
vessel  containing  cold  water,  placed  on  a  weighing  machine.  The 
weights  and  temperatures  before  and  after  condensation  are  obtained, 
and  the  dryness  fraction  is  then  estimated  by  equating  the  heat  gained 
by  the  known  weight  of  steam.  This  method,  however,  is  liable  to 
serious  errors,  mostly  on  account  of  the  uncertain  thermal  capacity  of 
the  containing  vessel  and  the  difficulty  of  obtaining  the  true  mean 
temperature  of  a  body  of  water.  This  has  led  to  the  use  of  continuous 
condensing  methods,  where  the  steam  and  the  condensing  water  are 
supplied  at  a  steady  rate.  The  condensing  conditions  then  attain  con- 
stancy and  may  be  accurately  observed. 

One  arrangement  of  a  continuous  condensing  calorimeter  consists  of 
a  small  well-covered  steam  injector,  having  suitable  thermometers  at  the 
steam  and  water  inlets  and  at  the  injector  outlet,  where  the  mixture  is 
complete.  The  water  suction  tank  and  the  delivery  tank  would  be 
placed  on  weighing  machines ;  thus  the  weight  of  steam  condensed  is 
determined  by  the  difference  of  the  weighings  in  the  two  tanks. 
Equating  the  heat  gained  by  the  water  to  that  lost  by  the  steam 
enables  the  dryness  fraction  of  the  steam  to  be  estimated  (see  p.  131 
for  similar  calculations). 

Fig.  121  illustrates  a  continuous  surface  condensing  calorimeter, 
consisting  merely  of  a  small  pipe  A  in  a  vessel,  through  which  vessel 
flows  a  steady  stream  of  condensing  water.  When  constant  conditions 
are  obtained  the  condensed  steam  is  being  drawn  off  steadily  from  the 
pipe  A  and  weighed.  At  the  same  time  a  series  of  readings  of  the 
temperatures  of  the  condensing  water  are  taken,  together  with  the  weigh- 
ing of  the  condensing  water.  Equating  the  heat  lost  by  the  steam  to 
that  gained  by  the  condensing  water,  the  dryness  fraction  of  the  steam 
is  then  calculable. 

Separating  Calorimeter. — One  form  of  separating  calorimeter  which 
was  introduced  by  Professor  Carpenter  of  Cornell  University  is  shown 
1  Proc.  hist,  of  Mech.  E*g.,  1895,  p.  31. 
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in  Fig.  122,  and  appears  to  give  trustworthy  results.  It  consists  of  a 
vessel,  A,  about  7  ins.  high  by  3  ins.  diameter,  consisting  of  an 
inner  chamber  and  a  jacket.  The  steam  from  the  steam-pipe  S  passes 
first  into  the  inner  chamber,  where  the  moisture  is  separated,  and  then 
into  the  outer  chamber.  The  separating  chamber  is  therefore  perfectly 
protected  from  radiation.  As  the  water  accumulated  in  the  inner 
chamber,  its  level  is  shown  by  a  glass  gauge  G,  and  the  amount  in 
hundredths  of  a  pound  can  be  read  off  on  a  scale.  A  very  small 
orifice  at  the  bottom  of  the  outer  chamber  regulates  the  amount  of 
steam  discharged.  The  escaping  steam  passes  through  a  flexible  tube 
to  a  simple  form  of  condenser  C.  The  increase  of  weight  in  any 
given  time  in  the  condenser  is  noted,  and  also  the  amount  accumu- 
lated in  the  same  time  in  the  separator.  If  q  is  the  dryness  fraction 
of  the  steam ;  w  the  weight  of  water  caught  in  the  separator ; 
and  W  the  weight  of  steam  condensed  in  the  same  time,  then 

W 
q  —  — .     There  is  a  gauge   glass  and  scale   on  the  condenser, 

graduated  to  read  pounds  and  tenths  at  a  temperature  of  110°  F.,  but 
it  is  better  to  place  the  condenser  on  a  platform  weighing  machine. 

Wire-drawing  Calorimeter. — A  convenient  form  of  wire-drawing 
calorimeter  designed  by  Mr.  Barrus  is  shown  in  Fig.  123.  The  steam 
passes  from  a  chamber  A  to  a  chamber  B  through  a  very  small  aperture, 
about  y\j  in.  in  diameter.  The  full  steam  pressure  is  in  A,  and  the 
pressure  in  B  differs  but  little  from  atmospheric  pressure.  Thermo- 
meters T,  T  give  the  temperatures  in  the  chambers,  and  are  protected 
from  radiation  by  a  thick  coating  of  asbestos  and  felt.  The  steam  is 
allowed  to  flow  through  the  apparatus  for  some  time  until  the  readings 
get  steady.  Let  4°,  4°  F.  be  the  temperatures  of  the  steam  before  and 
after  wire-drawing,  /3°  F.  the  temperature  of  saturated  steam  corre- 
sponding to  the  pressure  in  the  second  chamber  B,  so  that  the  steam 
in  B  has  been  superheated  by  (4  —  4)  due  to  the  wire-drawing. 

Let  q  —  dryness  fraction  of  the  steam  before  wire-drawing. 
Lj  =  latent  heat  per  pound  saturated  steam  at  /„  B.Th.U. 
L3  =     „  „  „  „  „         4,  B.Th.U. 

0*5  =  specific  heat  of  superheated  steam. 
Then- 
Heat  contents  per  pound)      Heat  contents  d  after  wire.drawing 
before  wire-drawing      ) 

Reckoning  heat  contents  from  water  at  any  particular  temperature,  say 
32°  F.,  this  becomes — 

A  -  32  +  ?Li  =  4  -  32  +  Ls  +  0-5(4  -  4) 

L3  +  0*5(4  -  4)  +  (4  -  A) 
or  q  =  -  — j— 

L-I 

The  temperature  observations  can  be  continued  as  long  as  desired, 
so  as  to  obtain  average  values.  Should  the  wetness  exceed  the  follow- 
ing values,  this  instrument  cannot  be  used  unless  the  separator  C  is 
connected. 
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Initial  pressure,  Ibs. 
per  sq.  in.  absolute. 

Initial  pressure. 
Ibs.  per  sq.  in. 
gauge. 

Initial  temperature, 

Initial  wetness 
per  cent. 

Dryness  fraction 
per  cent. 

29.9 

15-2 

250 

08 

99-2 

67-2 

52-5 

300 

2-4 

97-6 

I35-I 

120-4 

35° 

4-2 

95-8 

247-7 

233-0 

400 

6-1 

93-9 

For  ordinary  purposes  the  separator  C  is  seldom  required,  and  does 
not  need  to  be  attached  unless  excessive  wetness  of  steam  is  anticipated. 
When  the  separator  C  is  used  the  instrument  is  much  more  difficult  to 
deal  with,  as  it  becomes  necessary  to  measure  the  amount  of  steam 
flow  as  well  as  the  amount  of  water  trapped  in  the  separator,  thereby 
requiring  a  condenser,  though  the  condenser  might  be  dispensed  with 
if  the  orifice  had  been  previously  calibrated  so  that  a  definite  pressure 
in  the  chamber  A  represented  a  definite  weight  flow  through  the  orifice. 
This  latter  method  is  not  likely  to  be  as  accurate  as  the  direct  con- 
densation of  the  steam. 

It  will  be  seen  from  the  illustration,  Fig.  123,  that  the  instrument 
can  be  easily  constructed  from  standard  pipe  fittings,  but  care  should 
be  taken  to  make  the  second  chamber  B  large  enough  to  allow  the 
eddies  to  die  out  before  the  steam  leaves  the  chamber.  When 
the  separator  C  is  not  in  use  the  exit  from  B  should  be  quite  free  to 
the  atmosphere. 

Although  the  separating  and  the  wire-drawing  calorimeters  woukl 
seem  to  be  sufficiently  reliable,  a  considerable  amount  of  uncertainty 
arises  on  account  of  the  difficulties  associated  with  the  collection  of  the 
calorimeter  steam  from  the  main  steam-pipe.  A  common  form  of 
collector  is  shown  in  both  Figs.  122  and  123,  and  consists  of  a  small- 
diameter  pipe  blocked  at  the  end,  and  having  a  series  of  small  holes 
bored  in  the  circumference.  This  is  screwed  into  the  pipe  as  shown. 
Experiments  made  by  Professor  Jacobus  showed  that  this  type  of 
nozzle  has  a  tendency  to  collect  a  slight  excess  of  moisture.  The  cause 
of  this  is  supposed  to  be  the  obstructive  action  of  the  collecting  pipe 
on  the  main  steam  flow,  whereby  the  light  steam  is  easily  deflected  from 
the  straight-line  flow  in  the  neighbourhood  of  the  collecting  pipe,  but 
the  comparatively  heavy  particles  of  water  mixed  with  the  steam  are 
not  so  readily  deflected,  and  thus  impinge  unduly  on  the  collecting  pipe. 
It  should  be  remembered,  however,  that  some  moisture  will  probably 
deposit  on  the  surface  of  the  main  pipe,  and  would  be  carried  by  the 
rush  of  steam  along  the  surface. 

Professor  Unwin  has  suggested  the  use  of  a  sharp-edged  collecting 
pipe  with  the  mouth  set  facing  the  steam  in  the  middle  of  the  main  pipe, 
and  arranged  to  be  of  such  an  area  that  there  is  but  little  change  of 
steam  velocity  in  flowing  from  the  main  pipe  into  the  collecting  pipe. 
Whilst  this  might  give  a  true  sample  of  the  central  core  of  steam, 
obviously  it  would  have  very  little  chance  of  collecting  any  of  the  water 
which  may  deposit  on  the  pipe  walls,  and  which  would  probably  run 
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along  the  walls  with  the  steam.  This  defect  might  be  partially  over- 
come by  having  a  sudden  enlargement  in  the  steam-pipe  a  few  feet  on 
the  boiler  side  of  the  collecting  nozzle,  and  arranged  so  that  the  steam 
pipe  projects  into  this  enlarged  space.  If  water  happened  to  be  running 
along  the  walls,  the  enlargement  would  give  it  a  chance  of  mixing  with 
the  body  of  steam  before  reaching  the  collecting  nozzle,  or,  if  preferred, 
this  water  might  be  trapped  in  the  enlargement  by  a  suitable  arrange- 
ment of  the  dimensions  of  the  inlet  and  outlet  pipes.  In  any  case,  it  is 
advisable  to  collect  the  sample  from  a  vertical  pipe  in  preference  to 
one  that  is  horizontal. 

Another  method  which  has  been  proposed  for  estimating  the  dryness 
fraction  of  steam,  and  which  might  be  suitable  in  a  small  installation 
where  the  amount  of  wetness  is  known  to  be  small,  is  to  place  suitable 
electrical  resistances  in  a  special  length  of  the  steam  pipe  through  which 
the  steam  is  flowing.  If  a  sufficient  amount  of  electric  current  is  passed 
through  these  resistances,  the  moisture  in  the  steam  would  be  evaporated, 
and  a  very  slight  superheating  might  be  allowed  to  ensure  that  all  the 
moisture  was  evaporated,  the  steam  temperatures  at  the  inlet  to  and 
the  outlet  from  the  heater  being  measured  in  the  usual  way.  If  the 
quantity  of  steam  passing  through  the  pipe  is  known  as  well  as  the 
electrical  energy  which  has  been  dissipated,  an  estimation  of  the  dryness 
fraction  can  be  obtained  by  equating  the  heat-equivalent  of  the  electrical 
energy  to  the  heat  taken  up  by  the  steam.  So  far  as  the  author  is 
aware,  the  first  attempt  to  use  this  method  on  a  fairly  large  scale  was 
described  by  Professor  A.  L.  Mellanby l  in  connection  with  the  deter- 
mination of  the  moisture  in  the  exhaust  steam  from  a  steam  engine. 

Measurement  of  Draught. — The  flue  draught  is  usually  measured 
at  the  exit  from  the  boiler,  but  it  might  also  be  desirable  to  measure  the 
draught  or  air-pressure  in  the  furnace  and  at  the  base  of  the  chimney, 
as  well  as  at  the  economiser  inlet  and  outlet  when  an  economiser  forms 
part  of  the  plant  under  test.  A  convenient  draught  gauge  for  use  under 
ordinary  conditions  can  be  made  out  of  a  piece  of  \  or  f  inch  bore  glass 
tube  and  bent  to  the  U  form  as  represented  in  Fig.  28,  p.  39,  using 
coloured  water,  if  necessary,  as  the  pressure  or  draught  indicator ;  but 
when  the  draught  or  pressure  difference  is  small,  the  difference  of  level 
in  the  two  legs  of  the  U-tube  becomes  difficult  to  estimate  accurately. 
Several  devices  have  been  used  and  proposed  in  order  to  multiply  the 
scale  of  the  tube.  One  of  the  simplest  and  most  serviceable  types  is 

shown  in  Fig.  124.  The  graduated 
tube  A,  about  T3g  in.  bore,  is  fixed  to  a 
board  at  a  convenient  angle,  and  sup- 
ported on  a  levelling  base.  The  tube 

FIG.  i24.-Sensitive  draught  gauge,     \*  C?™***1  tOu  the  Sma11  VGSSel   B> 

water  or  oil.  which  is  filled  with  water  up  to  a  zero 

mark,  the  water  in  the  tube  being  then 

at  the  zero  mark  on  the  scale  when  no  pressure  difference  is  being 

recorded.    To  measure  a  draught  the  connection  would  be  made  to  the 

vessel  B,  the  right-hand  end  of  the  tube  A  being  then  open  to  the 

1  Proc.  Inst.  Meek.  Engs.,  March-May,  1905,  p.  292. 
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atmosphere  ;  or,  if  the  pressure  to  be  measured  was  in  excess  of  the 
atmospheric,  the  connection  would  be  made  to  the  right-hand  end  of 
the  tube,  leaving  the  vessel  B  open  to  the  atmosphere. 

Fig.  29,  p.  40,  shows  a  micro-manometer  suitable  for  measuring  very 
small  pressure  differences. 

Several  forms  of  draught  gauges  have  been  proposed  and  used 
wherein  two  or  three  liquids  of  slightly  different  densities  are  arranged 
so  as  to  magnify  the  difference  of  level.  Generally  a  U-tube  is  arranged 
with  the  top  ends  of  large  area,  the  other  portion  of  the  tube  being 
of  comparatively  small  diameter.  The  characters  of  the  liquids  used  are 
chosen  so  that  they  have  very  little  tendency  to  mix  together  or  to 
diffuse  through  each  other,  and  the  common  meniscus  is  used  as  the 
indicator.  This  meniscus  is  arranged  to  be  in  the  narrow  part  of  the 
tube,  and  since  the  area  at  this  part  is  small  compared  to  that  at 
the  mouths  of  the  tube,  the  meniscus  receives  a  large  displacement  for 
quite  small  differences  of  level  in  the  two  large  ends.  The  draught 
scale  is  marked  on  the  tube,  the  magnitude  of  the  scale  depending  upon 
the  relative  densities  of  the  liquids  used  and  upon  the  relative  areas  of 
the  large  and  small  diameter  portions  of  the  tube.  This  type  of  gauge 
is  usually  too  delicate  for  ordinary  service. 

The  draught  gauge  could  be  connected  up  by  means  of  an  india- 
rubber  tube  to  an  iron  or  glass  tube  of  small  diameter  inserted  into  a 
hole  in  the  flue,  and  to  prevent  air  leakage  at  the  hole  it  is  generally 
sufficient  to  place  a  little  fire-clay  round  the  tube,  or  to  press  a  piece  of 
wet  cotton  waste  firmly  round  the  tube  at  the  mouth  of  the  hole.  When 
erecting  the  brickwork  connected  with  the  setting  of  an  ordinary  boiler, 
it  is  advisable  to  cement  a  few  —in.  bore  iron  tubes  in  the  brickwork 
at  convenient  points,  and  provide  them  with  screwed  caps  or  plugs  when 
not  in  use. 

Temperature  of  Flue  Gases.  —  The  approximate  temperature  of  flue 
gases  can  be  obtained  by  means  of  a  specially  long  mercury  thermometer 
inserted  into  the  flue  so  that  the  bulb  is  not  far  from  the  centre  of 
the  flue,  or  an  ordinary-sized  thermometer  could  be  used  if  special 
arrangements  were  made  to  ensure  that  the  bulb  should  lie  well  in 
the  current  of  gas.  For  this  purpose 
it  is  best  to  place  the  thermometer 
in  an  iron  tube  A,  Fig.  125,  of  about 
f  in.  bore,  having  the  outer  end  closed 
and  a  •—  in.  slit  S  along  its  length. 
The  open  end  of  A  is  threaded  for 
attachment  to  the  long  iron  rod  or 


tube  J3.     1  he  thermometer  tor  use  is  boiler  flue. 

packed  into  the  tube  A  by  means  of 

asbestos  fibre,  with  the  thermometer  scale  opposite  the  slit,  so  that  on  the 
rapid  withdrawal  of  the  rod  B  from  the  flue  the  temperature  could  easily 
be  read.  The  surrounding  metal  would  prevent  an  immediate  fall  of 
temperature  on  the  withdrawal  from  the  flue.  Air  leakage  into  the  flue 
could  be  prevented  by  packing  a  piece  of  fire-clay  or  wet  cotton  waste 
round  the  rod  B  at  the  mouth  of  the  hole. 
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If  an  economiser  were  in  use,  the  flue  gas  temperature  would  pro- 
bably be  measured  at  both  the  entrance  to  and  exit  from  the  economiser. 
The  person  in  charge  of  the  test  should  see  that  the  flue  dampers  are 
correctly  set  for  the  test  so  that  no  damper  would  be  unintentionally 
left  partially  open  when  supposed  to  be  closed. 

The  platinum  resistance  thermometer  is  much  more  reliable  than 
mercury  thermometers  for  measuring  flue  gas  temperatures,  especially  if 
the  temperature  is  above  500°  F.  Good  results  can  also  be  obtained 
by  means  of  a  thermo-electric  pyrometer  when  carefully  arranged  and 
calibrated,  though  generally  this  is  not  so  reliable  as  the  platinum 
resistance  thermometer.  The  platinum  coil  or  the  thermo-junction 
should  be  shielded  from  the  action  of  the  flue  gases  by  means  of  an 
iron  sheath,  and  the  length  should  be  sufficient  to  allow  of  their  being 
placed  well  into  the  current  of  gas ;  it  is  generally  assumed  that  this  is 
sufficient  to  enable  the  average  temperature  of  the  gases  to  be  obtained. 

Calorific  Value  of  Fuel. — The  determination  of  boiler  efficiency 
requires  a  knowledge  of  the  heating  or  calorific  value  of  the  fuel  used 
during  the  test.  If  the  approximate  calorific  value  of  the  fuel  is  known, 
such  might  be  used  as  a  basis  of  calculation  for  ordinary  purposes,  but 
it  is  much  better  to  obtain  the  calorific  value  from  an  average  sample. 
For  the  method  of  collecting  an  average  sample  of  the  fuel,  reference 
should  be  made  to  p.  182.  The  various  methods  in  use  for  measuring 
the  calorific  value  of  a  fuel  are  described  on  pp.  297-304. 

Analysis  of  fuel  and  the  estimation  of  moisture  contents  are  dealt 
with  on  p.  292. 

Ashes  and  Clinker.— All  the  ashes  and  clinker  obtained  during  a 
boiler  test  should  be  kept  dry  and,  after  cooling,  weighed,  the  large 
pieces  being  broken  up  and  the  whole  well  mixed,  after  which  an 
average  sample  could  be  obtained  by  the  process  of  quartering  which 
was  described  on  p.  182  in  connection  with  the  sampling  of  fuel.  The 
amount  of  combustible  in  the  ashes  could  then  be  roughly  estimated  by 
the  hand  separation  of  the  combustible  and  the  non-combustible  matter 
in  the  sample,  and  the  ratio  of  these  taken  to  represent  the  composition 
of  the  ashes.  Since  the  combustible  in  the  ashes  would  be  practically 
all  carbon,  a  simple  and  accurate  method  of  estimating  its  amount  is 
to  place  a  few  grammes  of  a  ground  sample  of  ashes  into  a  closed 
crucible,  carefully  weighing,  and  then  subjecting  the  crucible  to  intense 
heat.  This  would  cause  the  carbon  to  burn  away,  leaving  nothing  but 
ash,  and  by  re-weighing,  the  weight  of  carbon  could  then  be  obtained 
by  subtraction. 

There  is  sometimes  a  fairly  close  agreement  between  the  weight  of 
non-combustible  obtained  from  the  ashes  and  the  weight  of  ash  in  the 
fuel  as  determined  by  chemical  analysis;  but,  generally  speaking,  no 
reliance  should  be  placed  on  the  comparison,  because  some  of  the  light 
ash  may  be  carried  away  by  the  flue  gases,  especially  when  forced  or 
induced  draught  is  used. 

Flue  Gases ;  Collection  of  Sample.— The  collection  of  a  true  sample 
of  the  flue  gases  does  not  always  receive  the  attention  which  its 
importance  deserves.  It  is  not  merely  sufficient  to  draw  a  sample  of 


BOILER    TRIALS 


193 


the  gases  from  the  flues,  but  care  should  be  taken  to  select  an  average 
position  tor  the  collecting  tubes.  The  arrangements  should  also  enable 
a  continuous  sample  to  be  collected  at  a  uniform  rate  during  the  whole 
period  of  the  test,  as  isolated  samples  taken  at  intervals  would  probably 
be  found  to  vary  according  to  the  condition  of  the  fires  when  the 
samples  were  obtained.  For  the  most  important  work  the  flue  gases 
should  be  collected  over  mercury,  but  distilled  water  which  has  been 
saturated  with  common  salt,  or  water  with  a  layer  of  oil  on  the  top,  is 
sometimes  used  when  great  accuracy  is  not  essential,  although  the  water 
has  a  tendency  to  absorb  some  of  the  carbonic  acid  (CO2)  in  the  flue 
gases. 

A  convenient  arrangement  for  the  continuous  collection  of  flue  gases 
is  shown  in  Fig.  126.  An  iron  or  glass  tube,  T,  of  about  \  in.  or  \  in. 
bore,  is  inserted  into  the  flue  so  that  the  end  lies  well  into  the  current  of 


FIG.  126. — Apparatus  for  continuous  collection  of  gas  sample. 

the  gases,  and  is  connected  up  to  the  large  water-bottle  or  vessel  B  by 
means  of  a  glass  tube,  the  rubber  connections  being  made  as  short  as 
possible.  The  bottom  of  the  vessel  B  is  connected  by  rubber  tubing  to 
the  aspirator  E,  which  is  a  vessel  similar  to  B,  except  that  the  top  is 
left  open  to  the  atmosphere.  These  vessels  are  used  to  create  a 
flow  of  gas  sufficient  to  prevent  stagnation  of  the  gases  in  the  tubes,  the 
rate  of  flow  of  the  water  from  B  to  E  being  regulated  by  the  cock  D. 
A  small  water  or  steam  jet  injector  can  be  used  to  create  a  flow  of  gas 
in  place  of  the  vessels  B  and  E.  The  sample  of  gases  is  obtained  through 
the  connection  C,  to  which  the  sampling  bottle  K  is  connected,  a  cotton- 
wool filter  F  being  generally  used  to  prevent  soot  or  ash  from  passing 

o 
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into  the  bottle.  When  great  refinements  are  desired,  the  cotton-wool 
filter  may  be  used  to  estimate  the  amount  of  carbon  passing  away  from 
the  boiler  in  the  form  of  soot.  This  collecting  arrangement  is  similar  to, 
but  smaller  than,  the  vessels  B  and  E,  and  mercury  might  be  used  instead 
of  water,  though  for  approximate  work  a  solution  of  brine,  or  water 
covered  with  a  layer  of  petroleum,  is  suitable.  The  rate  of  flow  of  the 
mercury  from  the  collecting  bottle  K  is  regulated  at  the  cock  L  so  as 
to  allow  a  sufficient  quantity  of  gas  to  be  collected  during  the  test ;  and 
if  the  difference  of  level  between  K.  and  M  is  made  not  less  than  about 
2  ft.,  and  the  connecting  or  drop  tube  is  allowed  to  fill  with  mercury 
right  up  to  the  cock  L,  the  collection  of  the  gas  would  proceed  at  a 
practically  uniform  rate  during  the  test. 

Analysis  of  Flue  Gases  by  Orsat  Apparatus. — The  Orsat  appa- 
ratus for  the  analysis  of  flue  gases  is  a  very  convenient  and  compact 
arrangement,  comparatively  easy  to  manipulate,  and  is  well  adapted 

for  carrying  about  from  place  to  place. 
It  consists  of  a  graduated  burette  tube 
or  measuring  vessel  A,  Fig.  127,  which 
is  surrounded  by  a  water-jacket  to  keep 
the  temperature  uniform  during  the 
analysis,  and  to  the  burette  A  a  hori- 
zontal tube  I  of  small  bore  rs  connected 
as  shown.  Branches  from  the  tube  I 
connect  up  to  the  absorption-vessels  B, 
C,  and  D  through  the  cocks  F,  G,  and 
H.  The  levelling  bottle  X  is  connected 
to  the  bottom  end  of  the  burette  A  by 
means  of  a  rubber  tube,  mercury  or 
brine  being  preferably  used,  though 
water  may  be  used  for  approximate 
work  provided  that  it  has  been  tho- 
roughly saturated  with  carbon  dioxide. 
All  the  various  parts  of  this  apparatus 
are  suitably  mounted  on  a  wooden 
frame  as  shown  in  the  figure. 

The  absorption  vessels  B,  C,  and  D  are  usually  filled  with  glass 
tubes  to  facilitate  the  absorption  of  the  gases,  and  are  used  in  the  order 
named  for  the  absorption  of  carbon  dioxide  (CO2),  free  oxygen  (O2), 
and  carbon  monoxide  (CO),  in  the  sample  of  the  flue  gases.  These 
absorption  vessels  are  connected  to  similar  vessels  situated  just  behind, 
and  each,  with  its  connected  vessel,  is  at  first  a  little  over  half  filled  with 
the  following  solutions.  Into  B  is  placed  a  solution  of  caustic  potash, 
about  i  part  by  weight  of  caustic  potash  (KHO)  in  2  parts  by  weight  of 
water.  Into  C  a  mixed  solution  of  pyrogallic  acid  and  caustic  potash 
is  placed,  which  should  be  kept  separate  until  placed  in  the  absorption 
vessel  C,  and  is  used  in  about  the  following  proportions,  viz.  5  grams 
of  pyrogallic  acid  in  15  c.cs.  of  water,  mixed  with  120  grams  of  caustic 
potash  dissolved  in  80  c.cs.  of  water.  Stronger  solutions  are  liable  to 
evolve  carbon  monoxide  in  the  presence  of  oxygen.  A  hydrochloric 


FIG.   127. — Orsat  apparatus  for  gas 
analysis. 
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acid  solution  of  cuprous  chloride  may  be  placed  in  D,  which  can 
be  prepared  by  dissolving  about  25  grams  of  copper  oxide  in  about 
500  c  cs.  of  concentrated  hydrochloric  acid,  this  being  allowed  to  stand 
in  an  air-tight  vessel  with  about  30  grams  of  copper  turnings  until  the 
solution  becomes  clear.  In  contact  with  the  air  this  solution  absorbs 
both  oxygen  and  carbon  dioxide,  turning  to  a  deep  brown  colour,  so 
that  every  precaution  should  be  taken  to  keep  the  solution  out  of 
contact  with  the  atmosphere.  Before  measuring  the  gases  in  the  burette 
A,  they  should  be  passed  back  into  the  caustic  potash  vessel  B  so  as  to 
absorb  the  hydrochloric  acid  fumes  evolved  in  the  vessel  D. 

An  ammoniacal  solution  of  cuprous  chloride  may  also  be  used  for 
the  absorption  of  carbon  monoxide,  and  may  be  prepared  as  follows. 
About  25  grams  of  copper  oxide  are  dissolved  in  about  100  c.cs.  of 
concentrated  hydrochloric  acid,  and  allowed  to  stand  with  copper 
turnings  until  the  solution  is  quite  clear.  The  solution  is  then  poured 
into  a  large  volume  of  water,  and  the  precipitate  which  forms  is  allowed 
to  settle,  after  which  the  liquid  would  be  drawn  off.  The  precipitate 
is  then  washed  into  a  500  c.cs.  flask  with  about  250  c.cs.  of  water,  and 
ammonia  passed  into  it  until  the  precipitate  dissolves.  Excess  of 
ammonia  would  be  liable  to  give  off  vapour  when  used  in  the  absorption- 
pipette  D. 

The  procedure  for  analyzing  the  flue  gases  is  as  follows.  The  three- 
way  cock  E  is  opened  to  atmosphere,  and  the  burette  A  is  allowed  to 
fill  with  mercury  from  the  levelling  bottle  X,  and  E  is  then  closed. 
The  cock  F  is  then  opened,  and  the  mercury  is  allowed  to  flow  back 
into  the  levelling  bottle  X  by  lowering  it  sufficiently,  thereby  drawing 
the  absorbent  in  B  to  a  certain  standard  level  on  the  stem,  when  the 
cock  F  is  closed.  The  absorbents  in  C  and  D  are  drawn  up  to  the 
standard  level  in  the  same  manner,  but  care  should  be  taken  to  see 
that  none  of  the  absorbents  are  allowed  to  pass  through  the  cocks  F,  G, 
and  H.  The  sampling  bottle  K,  Fig.  126,  is  connected  up  to  the  glass 
tube  I  by  a  short  piece  of  small-diameter  rubber  tubing,  and  the  cock 
between  K  and  the  connected  vessel,  shown  near  to  C  in  Fig.  126, 
would  be  partially  opened  to  allow  the  mercury  to  flow  into  K.  The 
burette  A,  having  been  filled  with  mercury  by  raising  the  bottle  X  with 
the  three-way  cock  E  open  to  atmosphere,  the  cock  E  would  be  turned 
so  as  to  put  A  into  communication  with  the  sampling  bottle  K,  and  a 
little  of  the  gases  would  be  drawn  into  A  by  lowering  the  bottle  X,  this 
gas  being  then  rejected  to  the  atmosphere  through  the  cock  E  by  raising 
X.  Thus,  having  replaced  the  air  in  the  various  connections  between 
vessels  K  and  A  with  some  of  the  gas  from  K,  a  true  sample  could  then 
be  drawn  into  A.  When  A  has  been  filled  with  a  sample  of  the  gases 
from  K  and  the  cock  E  closed,  the  mercury  level  in  A  should  be  adjusted 
to  the  standard  mark,  with  the  level  of  the  mercury  in  vessel  X  at  the 
same  position,  and  the  sample  is  then  at  atmospheric  pressure  and  tem- 
perature. The  cock  F  is  now  opened  and  the  gas  forced  into  the 
pipette  B,  where  it  is  left  for  a  few  minutes  and  then  drawn  back 
into  A,  bringing  the  solution  in  B  to  the  standard  level  on  the  stem. 
The  cock  F  is  closed;  the  levelling  bottle  X  is  adjusted  so  that  the 
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level  of  the  mercury  in  A  and  X  are  the  same,  and  the  level  is  read  as 
a  percentage  on  the  scale  of  A»  The  gases  are  again  sent  into  the 
absorption-vessel  or  pipette  B,  and  the  process  repeated  until  the 
absorption  of  carbon  dioxide  is  complete,  after  which  the  gases  are 
forced  into  pipette  C  for  the  absorption  of  the  free  oxygen,  being  dealt 
with  in  a  similar  manner  to  that  described  for  the  pipette  B.  Finally, 
the  pipette  D  would  be  used  to  absorb  any  carbon  monoxide  which 
might  be  present,  noting  the  levels  in  the  same  manner,  though  before 
measuring  in  this  latter  case  the  gases  should  be  sent  into  the  pipette 
B  so  as  to  absorb  any  acid  vapours  given  off  in  D.  The  remainder  of 
the  gas  is  assumed  to  be  nitrogen. 

To  increase  the  useful  life  of  the  absorbents  in  the  vessels  B,  C, 
and  D,  Fig.  127,  it  is  a  common  practice  to  exclude  the  atmosphere 
from  the  connected  vessels  by  placing  indiarubber  bags  or  balloons 
over  the  mouths  of  these  connected  vessels,  as  indicated  in  the  illustra- 
tion. It  is  advisable  to  renew  the  absorbents  as  soon  as  they  show 
signs  of  loss  of  absorbing  power. 

Whilst  every  effort  should  be  made  to  secure  complete  combustion 
with  the  minimum  supply  of  excess  air,  it  is  commonly  assumed  that 
a  high  percentage  of  carbon  dioxide  in  the  flue  gases  is  of  itself  an 
indication  of  efficient  combustion,  but  this  is  true  only  when  not  more 
than  a  small  percentage  of  carbon  monoxide  is  formed.  Several  instru- 
ments or  recorders  are  on  the  market  which  are  designed  to  give  automati- 
cally a  continuous  record  of  the  percentage  of  carbon  dioxide  in  flue 
gases.  Some  of  these  carbon  dioxide  recorders  may  be  serviceable 
provided  that  they  receive  proper  attention  with  regard  to  the  renewal 
of  the  absorbents. 

Tests  on  Superheaters. — There  are  two  classes  of  superheaters : 
(a)  separately  fired,  and  (b)  combined  with  the  boiler. 

A  separately  fired  superheater  can  be  tested  in  much  the  same 
manner  as  that  described  in  connection  with  boiler  testing.  If  the 
total  steam  which  is  generated  at  the  boilers  passes  through  the  super- 
heater, measurements  of  the  feed  water  would  determine  the  quantity 
of  steam  passing  through  the  superheater,  but  if  not,  the  weight  of 
steam  could  be  determined  by  passing  it  into  a  surface  condenser  and 
weighing  the  hot- well  discharge  in  the  usual  way.  It  would  be 
necessary  to  measure  the  quality  and  temperature  of  the  inlet  and 
outlet  steam ;  the  weight  of  fuel,  flue  gas  temperatures,  etc.,  would  be 
measured  as  in  a  boiler  test. 

In  the  case  of  superheaters  combined  with  the  boiler,  a  separate 
superheater  test  is  not  necessary,  and  it  would  only  be  tested  in  con- 
junction with  the  boiler  under  ordinary  circumstances.  The  steam 
pressure,  the  quality  of  the  steam  entering  the  superheater,  the  inlet 
and  outlet  temperatures  of  both  steam  and  gases,  would  be  measured. 

The  accurate  determination  of  the  superheater  outlet  steam 
temperature  is  not  an  easy  matter.  Special  high-reading  mercurial 
thermometers  inserted  into  thin-walled  pockets  are  generally  used  up 
to  about  700°  F.,  but  such  thermometers  cannot  always  be  depended 
upon  to  give  accurate  temperatures. 
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Special  mercury  pyrometers,  and  other  liquid  or  vapour  pyrometers, 
are  now  sometimes  used,  and  are  connected  up  to  a  dial  mechanism 
arranged  much  like  the  ordinary  pressure  gauge,  but  these  also  are 
unreliable  unless  frequently  tested  and  calibrated.  The  platinum 
resistance  thermometer  is  the  most  accurate  method.  The  iron  sheath 
of  the  thermometer  should  be  passed  through  a  kind  of  screwed 
stuffing  box  into  direct  contact  with  the  steam,  the  stuffing  box  pre- 
venting leakage  of  steam  and  holding  the  thermometer  in  position 
against  the  steam  pressure.  It  is  not  advisable  to  allow  direct  contact 
between  the  steam  and  the  platinum  coil,  because  the  rush  of  steam 
would  be  likely  to  break  the  coil. 

Not  the  least  important  part  of  a  boiler  test  is  the  method  of 
recording  the  observations.  If  possible,  it  is  preferable  to  have  not 
less  than  three  competent  observers  even  in  an  ordinary  test — one  for 
weighing  the  fuel,  one  for  measuring  the  feed  water,  and  the  other  for 
taking  the  rest  of  the  observations.  In  no  case  should  an  unauthorized 
person  be  allowed  to  interfere  with  any  instrument  or  with  any 
observer.  All  the  observations  except  the  weighing  of  fuel  and  the 
measurement  of  feed  water  should  be  taken  simultaneously  and  at 
equal  intervals  of  say  ten  or  fifteen  minutes. 

A  convenient  method  of  recording  the  observations  is  indicated  by 
the  following  headings  : — 
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Date 


Place  of  test 


Name  of  observer 


Type  of  boiler- 

Total  heating  surface. 

Total  grate  area 

Kind  of  draught 


Remarks 
column. 

Time. 

Steam 
>ressure 
bs.  per. 
sq.  in. 
gauge. 

Water-level  in 
boiler,  ins. 

Flue 
draught 
ins. 
water. 

Open- 
ing of 
damper, 
ins. 

Steam 
temp., 
°F. 

Flue 
gas 
temp., 
°F. 

Air 
temp., 
°F. 

Feed-water  temperatures, 
°F. 

Baro- 
metric 
pres- 
sure, 
ins.  mer- 
cury. 

Above 
start. 

Below 
start. 

Before 
heater. 

After 
heater. 

At 

boilers. 
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FUEL  SHEET. 

Name  of  observer 

Description  of  fuel  „__ 

Description  of  'ashes ;  clinker,  etc.,  and  weight  in  test. 


Date 


Remarks 
column. 

Weight  of 
emptyfuel 
box,  Ibs. 

Weight  of 
fuel  and 
box,  Ibs. 

Net 
weight  of 
fuel 
weighed 
out,  Ibs. 

Time  this 
fuel  began 
to  be  fired, 
hrs.  mins. 

Time  at 
\vhich  this 
fuel  was 
finished, 
hrs.  mins. 

Total 
weight  of 
fuel  fired 
from  start, 
Ibs. 

Time  of 
cleaning 
fires, 
hrs.  mins. 

Weight  of 
ashes,  Ibs. 

' 

FEED-WATER  SHEET. 


Name  of  observer . 


Date- 


Capa 

Remarks 
column. 

city  of  measuring 

tanks 

Number  of  fillings. 

Weight  per  filling. 

Time  at 
which  the 
filling  was 
finished, 
hrs.  mins. 
sees. 

Total  feed 
water  from 
start,  Ibs. 

Total  leak- 
age from 
start,  Ibs. 

Net  feed 
to  boiler 
from  start, 
Ibs. 

Tank  i. 

Tank  2. 

No.  i. 
Ibs. 

No.  2. 
Ibs. 

CHAPTER  VIII 

BOILER    TRIALS  (continued) 

Calculations  relating  to  Boiler  Trials. — The  Institution  of  Civil 
Engineers  Committee's  Report  on  "  Steam  Engine  and  Boiler  Trials," 
mentioned  on  p.  136,  recommends  a  series  of  standard  forms  for  the 
recording  of  the  principal  results  and  calculations  relating  to  boiler  tests, 
and  as  these  forms  have  proved  to  be  convenient  and  well  arranged  for 
most  practical  purposes,  the  author  has  reproduced  some  of  the  forms 
on  pp.  213-218,  with  a  particular  example  of  a  boiler  trial  also  taken 
from  the  report  to  illustrate  the  use  of  these  forms.  The  Committee's 
report  also  includes  an  explanation  of  the  methods  of  calculation  which 
are  recommended  in  connection  with  the  forms,  and  a  copy  of  those 
relating  to  boiler  tests  is  given  below,  pp.  199-209. 

(Tabulated  results  given  on  pp.  213-2 1 6.) 

NOTES  ON  FILLING  IN  THE  FORMS  WITH  THE  RECORDS  OF  TRIALS, 
AND  THE  NATURE  OF  THE  INFORMATION  WHICH  SHOULD  BE 
GIVEN. 

Boiler.  Sheet  I.  Reference  Number •,  Line  1. — In  describing  a 
boiler,  it  should  be  treated  as  a  machine  for  transmitting  heat  rather 
than  as  a  structure  for  maintaining  pressure.  If  it  is  of  a  well-known 
type,  a  mention  of  the  type,  of  the  dimensions  of  the  shell,  furnaces,  and 
tubes,  and  the  course  taken  by  the  gases  will  generally  suffice.  If,  on 
the  other  hand,  the  shape  or  arrangement  be  unusual,  all  the  peculiari- 
ties should  be  carefully  and  minutely  described.  Descriptions  of  riveted 
joints,  stays,  safety  valves,  and  other  particulars  affecting  the  strength 
and  safety  of  the  boiler  are  not  generally  required.  A  drawing  of  the 
boiler  and  its  setting  and  flues  is  a  useful  addition  to  the  report  of  the 
trial. 

Line  2. — If  the  method  be  one  of  those  suggested  on  pp.  174-180, 
it  will  be  sufficient  to  say  so,  and  to  state  briefly  which  one  of  them. 
If,  however,  some  other  method  has  been  adopted,  it  should  be 
described  accurately  and  in  detail. 

Line  3. — It  should  be  stated  whether  the  boiler  was  fired  by  hand 
or  mechanically.  If  by  hand,  the  size,  weight,  and  frequency  of  the 
charges  should  be  given  approximately,  and  also  some  notes  as  to  the 
degree  of  skill  and  intelligence  displayed  by  the  firemen.  If  mechanical 
"  stokers  "  are  used,  the  name  of  the  "  stoker"  should  be  stated,  and  also 
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whether  the  "  stoker  "  was  a 
sprinkler  or  a  coker,  unless 
the  information  has  already 
been  given  under  reference 
No.  i.  It  is  desirable,  if 
possible,  to  give  particulars 
of  the  power  needed  to  work 
the  stoker  and  how  supplied. 
The  general  thickness  and 
condition  of  the  fires  should 
be  described,  and  the  average 
thickness  throughout  the  trial 
given,  and  anything  in  the 
methods  of  firing  which  would 
be  likely  to  affect  the  rate  of 
evaporation  should  be  stated, 
and  also  how  often  and  when 
the  fires  were  cleaned. 

Line  4. — If  any  system  of 
forced  or  induced  draught  is 
used  it  should  be  carefully 
explained,  and  the  positions 
and  any  peculiarities  of  the 
draught  gauges  described ; 
data  as  to  the  power  needed 
or  steam  used  should  be 
supplied  if  possible. 

Lines  5-11.— The  data 
given  on  these  lines  should 
be  obtained  with  accuracy 
from  actual  measurements 
made  at  the  time,  or  from 
the  working  drawings  used 
in  the  construction  of  the 
boilers.  In  determining  the 
amount  of  heating  surface, 
all  surfaces  which  are  directly 
exposed  to  the  gases  leaving 
the  fire-grate  should  be  reck- 
oned as  heating  surfaces. 
Thus  in  a  Lancashire  boiler 
the  parts  of  the  internal  flues 
below  the  fire-grates  are  not 
to  be  considered  as  heating 
surface,  but  the  bottoms  of 
the  internal  flues  beyond 
the  bridges  are  to  be  so 
counted,  although  they  may 
be  covered  with  flue  dust, 
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and  so  protected  from  contact  with,  or  radiation  from,  the  flames.  A 
blank  space  has  been  left  at  the  foot  of  this  form,  and  any  general 
information  as  to  the  conditions  of  the  weather  during  the  test,  as  to 
anything  abnormal  which  occurred,  or  anything  else  which  might  help 
to  explain  the  results  obtained,  should  be  stated  here.  In  particular, 
information  should  be  given  as  to  the  amount  of  smoke  shown  during 
the  test.  Diagrams  of  different  intensities  of  smoke  were  submitted  to 
the  Committee  by  the  late  Mr.  Bryan  Donkin,  and  a  form  for  plotting 
smoke  observations  by  reference  to  these  diagrams  is  shown  in  Fig.  I28.1 

Boiler.  Sheet  II.  Line  12.— The  total  length  of  the  trial  in  hours 
and  minutes  should  be  given. 

Line  13. — If  the  fuel  used  was  coal,  the  name  of  the  colliery  should 
be  given,  and  the  quality,  such  as  nuts,  slack,  etc.,  should  also  be  stated. 
If  any  patent  fuel  or  oil  was  employed,  sufficient  particulars  should  be 
supplied  to  enable  it  to  be  identified. 

Line  14. — This  line  should  give  the  total  weight  of  fuel  placed  upon 
the  fires  per  hour,  and  the  condition  in  which  it  was  used ;  the  figures 
will  be  obtained  by  dividing  the  total  weight  of  fuel  used  by  the  hours 
of  duration  of  the  trial. 

Line  15. — Information  should  be  given  in  the  remarks  column  as  to 
whether  a  special  analysis  was  made  of  the  coal  actually  used  during  the 
trial,  or  whether  the  analysis  was  that  of  coal  of  a  similar  quality  from 
the  same  colliery  made  at  some  previous  date. 

Line  16. — The  moisture  in  the  fuel  as  fired  should  be  determined 
from  the  sample  sent  for  chemical  analysis. 

Line  17. — Full  information  should  be  given  as  to  the  kind  of  calori- 
meter which  was  used  for  determining  the  calorific  value  of  the  fuel,  and 
whether  the  determination  was  made  by  a  chemist  or  some  other  expert. 

The  Committee  do  not  consider  it  desirable  to  give  any  formula  for 
calculating  the  heating  value  of  a  fuel   from  the  chemical  analysis. 
Practically   all   the   formulae  which  are   given   in   text-books  and  by 
authorities  are  of  the  following  form  : — 
Heating  value  of  the  fuel  per  pound 

=  (C  X  a  constant)  +  (  H  -  -^  J  X  a  constant  -f  (S  X  a  constant) 

where  C,  O,  H,  and  S  represent  the  percentages  of  carbon,  oxygen, 
hydrogen,  and  sulphur  respectively  present  in  the  fuel,  as  determined  by 
the  chemical  analysis,  and  the  constants  are  the  heating  values  per 
pound  of  pure  carbon,  hydrogen,  and  sulphur.  It  is  desirable  to  point 
out,  however,  that  the  percentage  of  oxygen  in  a  fuel  analysis  is  prac- 
tically a  fictitious  figure,  for  it  is  always  an  undetermined  quantity  obtained 
by  difference  and  written  as  ("  O,  etc.")  in  the  analysis  ;  it  thus  con- 
tains all  the  errors  of  the  analysis.  A  formula  of  the  foregoing  type 
assumes  that  the  amount  of  oxygen  present  and  the  condition  of  its 
combination  are  known  accurately ;  but  neither  of  these  conditions  is 

1  Author's  Note. — The  original  report  and  the  copies  of  the  boiler  forms  sold  by 
Messrs.  W.  Clowes  &  Sons,  Ltd.,  show  six  degrees  of  smoke  intensity  to  be  used  in 
connection  with  the  diagram  Fig.  128. 
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known  with  any  degree  of  certainty.  If  the  results  obtained  by  cal- 
culation, using  formulae  of  the  foregoing  type,  be  compared  with  those 
obtained  by  actual  combustion  of  the  fuel  in  a  calorimeter,  it  will  be 
found  that  a  formula  which  assumes  that  the  whole  of  the  carbon  and 
the  hydrogen  exist  as  such  and  entirely  uncombined  gives  results  which 
are  too  high;  but,  on  the  other  hand,  a  formula  which  employs  the 

factor!  H  — ~] gives  results  which  are  too  low.     In  view,  therefore,  of 

the  uncertainty  of  present  knowledge  as  to  the  conditions  of  combina- 
tion which  obtain  in  any  fuel,  it  seemed  to  the  Committee  inadvisable 
to  adopt  any  formula  which  pretends  to  any  degree  of  accuracy,  and  it 
appeared  better  frankly  to  own  that  any  formula  which  can  be  used  is  an 
approximate  one  only,  and  that  it  should  be  used  merely  as  a  check,  or 
in  the  few  cases  in  which  it  is  impossible  to  obtain  a  calorimetric  deter- 
mination of  the  calorific  value  of  the  fuel.  The  most  recent  deter- 
minations of  the  calorific  values  of  carbon  and  hydrogen  are  the 
following : —  , 

Carbon  when  converted  to  CO2      ....     14,544  B.Th.U. 
Hydrogen 52,200      ,, 

the  products  of  combustion  in  the  latter  case  being  assumed  to  remain 
in  the  form  of  steam,  that  is  to  say,  it  is  what  is  commonly  known  as  the 
"  lower"  value  (see  line  i;).1  These  figures  can  be  used  in  calculations 
based  on  any  of  the  ordinary  formulae. 

Line  18. — The  carbon  value  of  the  dried  fuel  is  obtained  by  dividing 
the  calorific  value  of  one  pound  of  the  dried  fuel  given  on  line  17  by  the 
calorific  value  of  one  pound  of  pure  carbon  (  =  14,544  B.Th.U.). 

Line  19. — The  figure  for  this  line  is  obtained  by  dividing  the  total 
amount  of  ash  and  clinker  formed  during  the  trial  by  the  number  of 
hours  during  which  the  trial  lasted  (line  12). 

Line  20. — The  amount  of  carbonaceous  matter  in  the  ash  can  be 
obtained  by  forwarding  samples  to  a  chemist,  or  by  calculation,  based 
on  the  previous  chemical  analysis  of  the  coal,  of  the  amount  of  ash  and 
clinker  which  ought  to  be  formed  from  the  amount  of  fuel  which  has 
been  burnt.  In  many  cases,  however,  e.g.  when  forced  draught  is  used, 
it  will  be  found  that  the  actual  amount  of  clinker  and  ash  collected  is 
less  in  total  weight  than  the  amount  which  ought  to  be  present  as  shown 
by  the  chemical  analysis,  much  of  it  having  been  blown  up  the 
chimney. 

Line  21. — In  the  column  "  Remarks,"  particulars  should  be  given  as 
to  where  the  gas  for  analysis  was  taken  from,  and  whether  the  aspiration 
was  continuous  or  intermittent ;  in  the  blank  lines  at  the  bottom  of  the 
form  a  brief  description  of  the  apparatus  employed  for  collecting  the  gas 
may  be  given  with  advantage. 

1  Author's  Note. — This  is  intended  to  apply  to  ordinary  boiler  conditions,  where 
the  water-vapour  in  the  gases  passes  away  in  this  state  to  the  chimney  ;  but  should  a 
boiler  be  designed  which  could  cool  the  gases  below  the  vapour  saturation  point,  some 
of  the  vapour  would  condense  on  the  heating  surface  and  give  up  its  latent  heat. 
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Line  22.  —  The  kind  of  thermometer  or  pyrometer  employed  should 
be  stated  in  the  column  for  remarks,  and  the  position  in  which  it  was 
placed  should  also  be  described. 

Line  23.  —  The  mean  specific  heat  of  the  products  of  combustion  can 
be  calculated  as  soon  as  an  analysis  has  been  made  of  the  dry  furnace 
gases  ;  the  method  of  making  the  calculation  is  explained  in  detail  in 
connection  with  the  explanations  given  later  for  determining  the  heat 
losses  corresponding  to  lines  39  and  40  of  the  forms. 

Lines  24-29  and  32.  —  An  explanation  should  be  given  as  to  how  the 
various  pressures,  draughts,  and  temperatures  were  measured,  and  it 
should  be  stated  how  frequently  the  observations  were  taken. 

Line  30.  —  Wherever  possible  the  amount  of  steam  employed  in 
producing  the  draught  (whether  an  actual  steam-jet  is  used  or  whether 
the  steam  is  used  in  working  an  engine  for  driving  fans)  should  be 
given,  and  it  should  be  determined  by  an  independent  test. 

Line  31.  —  Some  brief  explanation  should  be  given  as  to  the  method 
of  determining  the  weight  of  the  feed  water,  that  is,  whether  it  was 
measured  by  a  system  of  tanks  or  whether  by  use  of  a  meter  or  by 
any  other  method. 

Line  32.  —  See  line  24  above. 

Line  33.  —  In  the  column  "  Remarks,"  information  should  be  given 
as  to  whether  the  gauge  has  been  tested  for  accuracy,  and  the  same 
remark  applies  to  other  gauges  wherever  such  observations  occur  on 
the  forms. 

Line  34.  —  This  is  obtained  by  adding  the  atmospheric  pressure 
(line  25)  to  the  gauge  pressure  (line  33). 

Line  35.  —  Full  information  should  be  given  as  to  the  method  of 
determining  the  weight  of  the  moisture  present  in  the  steam,  and  how 
it  was  trapped  or  collected  and  weighed. 

Line  36.  —  The  temperature  of  saturation  corresponding  to  the 
absolute  steam  pressure  (line  34)  can  be  obtained  from  any  reliable 
steam-tables  or  from  a  T<£  chart. 

Blank  lines  are  left  at  the  bottom  of  this  form  for  additional  in- 
formation upon  any  points  in  respect  of  which  further  details  can  be 
given  with  advantage. 

Boiler.  Sheet  III.  Line  37.—  This  is  merely  a  repetition  of  line  17 
on  Sheet  II. 

Line  38.  —  The  heat  transferred  to  the  water  should  be  calculated 
by  one  or  other  of  the  following  formulae  :  — 

(a}  When  the  steam  is  not  superheated  — 

B.Th.U.  =  W(H!  -  //o)  -  w(Hz  -  //,) 


(b)  When  the  steam  is  superheated  — 
B.TLU.  =  W{(H1  -  /y  + 
In  these  formulae  W  =  weight  of  steam  and  water  leaving  the  boiler 

1  Author's  Note.  —  The  specific  heat  of  superheated  steam  is  commonly  assumed 
to  be  0*5.  The  results  of  recent  experiments  on  superheated  steam  are  given  in  Messrs. 
Marks  and  Davis'  steam  tables. 
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per  pound  of  dried  fuel.  This  last  figure  is  obtained  by  dividing  the 
figures  on  line  31  by  those  on  line  14,  after  the  figures  on  line  14  have 
been  diminished  by  the  weight  of  moisture  present  in  the  fuel 
(Obtained  by  multiplying  together  the  figures  on  lines  14  and  16). 
Hence — 

w  =  ^  line  31 


\ 

J 


line  14  —  (line  14  x  line  16) 

w  =  weight  of  water  per  pound  of  dried  fuel  leaving  the  boiler,  and 

will  equal  (W  x  line  35). 

4,  4j  and  4  are  the  temperatures  of  the  feed  water,  of  the  saturated 
steam  at  the  boiler  pressure,  and  of  the  steam  leaving  the 
superheater  respectively  (lines  32,  36,  72). 
H!    is    the    total   heat    of   a   pound   of  saturated   steam   at   the 

temperature  4. 
A)  and  /?!  are  the  B.Th.U.  in  a  pound  of  water  at  the  corresponding 

temperatures  /0  and  4. 

The  quantities  h^  h^  and  Hj  can  be  obtained  from  any  reliable 
steam-table  or  r<f>  chart,  care  being  taken  that  they  are  all  measured 
from  the  same  temperature,  usually  32°  F. 

The  following  approximate  formulae  may  be  used  for  calculating 
the  heat  transferred  to  the  water  when  no  steam-tables  are  at  hand  : — 

(a)  When  the  steam  is  not  superheated — 

B.Th.U.  =  W{in4  +  0-305(4  -  /„)}  -  w(ni4  -  074) 

(b)  When  the  steam  is  superheated — 

B.Th.U.  =  W{iu4  +  0-305(4  -  /0)  +  0-48(4  -  4)} 

Lines  39  and  40. — In  order  to  determine  the  number  of  heat-units 
carried  away  from  the  boiler  by  the  products  of  combustion  and  the 
excess  air,  the  following  data  are  required :  A  chemical  analysis  of 
the  dry  flue  gases,  the  temperature  of  the  external  air,  the  temperature 
at  which  the  gases  leave  the  boiler,  and  an  analysis  of  the  fuel.  The 
analysis  of  the  dry  gases  is  always  made  volumetrically,  and  the  first 
step  is  to  convert  this  into  an  analysis  by  weight.  An  example  will 
most  readily  show  how  this  can  be  done. 


Analysis  by 
volume.1 

Atomic 
weight 
of  gas. 

Carbonic  acid 

0-082 

22 

Carbonic  oxide      

O'OOO 

14 

Oxygen 

O'II2 

16 

yi.  /&*•" 
Nitrogen       .... 

0'8o6 

14 

By  multiplying  each  of  the  volume  proportions  by  the  corresponding 
atomic  weights,  adding  the  results  so  obtained,  and  then  dividing  each 

1  On  line  21,  these  figures  are  printed  as  percentages. 
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product  by  the  sum,  the  proportion  by  weight  of  each  gas  present  is 
obtained. 

Proportion  by 

weight. 
CO2  =  0-082  X  22  =     I'804  =  0'I2I 

CO  =  0*000  x  14  =  o-ooo  =  o-ooo 
O  =  0-112x16  =  1792  =  0-120 
N  =  0-806  x  14  =  11-284  =  °759 

14-880      i-ooo 

It  may  be  assumed  that  the  whole  of  the  carbon  present  in  these 
gases  came  from  the  fuel  which  was  burnt,  but  in  CO2  the  proportion 
of  carbon  by  weight  is  3  :  n  and  in  CO  it  is  3:7,  hence  the  actual 
weight  of  carbon  present  in  a  pound  of  dry  flue  gases  is  readily  cal- 
culated by  the  following  formula  : — 
Weight  of  carbon  in  i  Ib.  )  _  ( T3T(proportion  by  weight  of  CO2) 

of  dry  flue  gases  j  ~~  (      -f-  f  (proportion  by  weight  of  CO) 

Employing  the  above  example,  the  weight  of  carbon  in  i  Ib.  of 
dry  gas  =  (0*121  -f-  £)  +  (o'ooo  X  f )  =  0*033  Ib. 

The  analysis  of  the  dried  fuel  gives  the  weight  of  carbon  in  i  Ib. 
of  it,  and  hence  it  is  now  possible  to  calculate  at  once  how  many 
pounds  of  dry  flue  gases  leave  the  boiler  flues  per  pound  of  dried  fuel 
burnt.  The  weight  of  dry  flue  gases  per  pound  of  carbon  burnt  will  be 

( -  -  |  =  say,  x  Ibs. ;  and  the 

\weight  of  C  present  in  i  Ib.  of  dry  flue  gases/ 

weight   of  dry  flue  gases   per   pound   of  dried  fuel  burnt  will  equal 
(x  X  weight  of  C  in  i  Ib.  of  dried  fuel).1 

In  the  trial  from  which  the  figures  used  in  this  example  are  taken, 
the  analysis  2  of  the  dried  fuel  gave  the  following  results  : — 

Carbon 0-840 

Hydrogen 0*056 

Ash 0-030 

Oxygen  and  other  matters  (by  difference) 0-074 

rooo 

Hence  the  weight  of  dry  flue  gases  per  pound  of  carbon  burnt  was 
=  30*30  Ibs.,  and  the  weight  of  dry  flue  gases  per  pound  of  dried 


0*033 

fuel  burnt  was  30*30  x  0*840 l  =  25*45  Ibs.3  In  addition  to  the  dry 
flue  gases,  there  is  a  certain  weight  of  steam  present  in  the  products  of 
combustion  due  to  the  combustion  of  the  hydrogen  of  the  fuel,  and 
this  weight  will  be  nine  times  the  weight  of  the  hydrogen  originally 

1  Author's  Note. — The  carbon  in  the  ashes  per  pound  of  dried  coal  should  be 
deducted  to  be  strictly  correct. 

2  On  line  15,  these  figures  are  printed  as  percentages. 

3  The  weight  of  dry  gases  per  pound  of  carbon  burnt  is  also — 

_  iiCO2  +  8O  +  7(CO  +  N) 

3(C02  +  CO) 

where  CO.,,  O,  CO,  and  N  are  the  proportions  by  volume  of  each  of  those  gases  in 
the  dry  flue  gases. 
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present  in  the  fuel ;  therefore  in  the  example  the  weight  of  steam  in 
the  flue  gases  is  equal  to  0*056  x  9  =  0*50  Ib. 

Therefore,  the  total  weight  of  the  flue  gases  per  pound  of  dried  fuel 
was  25*45  -f-  0*50  =  25*95  Ibs. 

The  combustible  matter  in  a  pound  of  dried  fuel  burnt  on  the  grate 
in  this  example  was  0*97  Ib.  Hence  the  weight  of  air  drawn  into  the 
flues  per  pound  of  dried  fuel  burnt  was  25-95  ~  °'97  =  25*00  Ibs. 
practically,  and  this  is  the  figure  to  enter  in  line  55. 

A  considerable  proportion  of  this  is  excess  air  over  and  above  that 
which  was  needed  for  the  complete  combustion  of  the  fuel ;  the  weight 
of  air  needed  for  the  perfect  combustion  of  any  fuel  can  be  readily 
determined  by  the  following  formula  : — 
Weight  of  air  per  pound  of  fuel  =  (11*56  x  carbon  percentage) 

+  (34'67  X  hydrogen  percentage). 

In  the  above  example  the  weight  of  air  theoretically  needed 
=  0*840  x  11*56  4-  0-056  X  34*67  =  11*65  Ibs.  per  pound  of  fuel.1 
Hence  the  excess  air  used  per  pound  of  dried  fuel  burnt  in  this  trial 
was  25-00  —  11*65  =  13*35  Ibs. 

Another  method  of  determining  the  weight  of  air  admitted  to  the 
furnaces  per  pound  of  dried  fuel  burnt,  also  employing  the  analysis  of 
the  flue  gases,  is  the  following  : — It  may  be  assumed  within  the  limits 
of  errors  of  observation  that  all  the  carbon  in  the  gases  came  from  the 
fuel  burnt,  and  all  the  nitrogen  from  the  air ;  but  the  proportion  by 
weight  of  nitrogen  to  carbon  in  the  dry  flue  gases  is  readily  calculated  ; 

0*759 
in  the  example  it  is  — ; =  23  :  i.     Hence  for  every  pound  of  carbon 

oo 

burnt  23  Ibs.  of  nitrogen  must  have  been  drawn  in  from  the  air;  but 
in  the  atmosphere  nitrogen  is  present  in  the  proportion  by  weight 
of  76^8  parts  out  of  every  100;  hence  the  weight  of  air  which  was 
drawn  into  the  furnaces  per  pound  of  carbon  must  have  been 

L — 6*8 =  29'94  ^s*     ^ut  a  Pound  °f  dried  fuel  only  contained 

0*840  Ib.  of  carbon ;  therefore,  the  weight  of  air  drawn  into  the  furnace 
per  pound  of  the  dried  fuel  burnt  was  0*840  X  29*94  =  25*14  Ibs., 
which  agrees  very  closely  with  the  figure  25*00  obtained  by  the  other 
calculation. 

The  general  formula  for  this  second  method  may  be  expressed 
thus  :— 

percentage  of  N  by  weight 

Weight  of  air  per  pound  of  fuel  burnt  =  —  — F~FT^T — rr 

percentage  of  C  by  weight 

X  -^—  x  weight  of  C  in  i  Ib.  of  dried  fuel. 

Lines  39  and  40  of  the  form  may  now  be  readily  calculated.  The 
total  weight  of  the  flue  gases  per  pound  of  dried  fuel  has  been 
determined,  and  the  weight  of  the  excess  air ;  in  the  example  these 

1  Author's  Note. — Some  of  the  hydrogen  and  oxygen  in  the  fuel  would  be  com- 
bined before  combustion.  This  has  been  neglected  in  the  calculation.  The  car- 
bonaceous matter  in  the  ashes  is  also  neglected. 
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were  respectively  25*95  and  13*35  Ibs.,  an<*  their  difference  (in  the 
example  12*60)  will  be  the  weight  of  the  products  of  combustion.  The 
specific  heat  of  air  being  0*238,  line  40  is  at  once  calculated  by 
multiplying  the  weight  of  excess  air  by  its  specific  heat,  and  by  the 
difference  of  temperature  between  the  flue  gases  and  the  air,  the  latter 
two  temperatures  being  given  in  lines  22  and  24;  or  heat  carried 
away  in  excess  air  =  weight  of  excess  air  per  pound  of  dried 
fuel  X  0*238  x  (I,,-**).1 

In  the  example  the  temperatures  were  respectively  452°  and  62°; 
therefore  the  heat  carried  away  in  the  excess  air  =  13*35  *  °'238 
X  (452  -  62)  =  1,239  B.Th.U. 

To  calculate  the  heat  carried  away  by  the  products  of  combustion 
their  mean  specific  heat  must  be  determined,  and  this  will  also  give  the 
data  to  fill  up  line  23  of  the  form. 

The  proportion  by  weight  of  each  of  the  constituents  CO.,,  CO, 
N,  and  H2O  in  the  products  of  combustion  produced  per  pound  of 
dried  fuel  burnt  must  first  be  determined.  The  weight  of  CO2  generated 
per  pound  of  dried  fuel  burnt  in  this  example  is  obtained  by  multiplying 
the  weight  of  carbon  in  i  Ib.  of  dried  fuel  by  the  fraction  ^  ;  hence  the 
weight  of  CO2  =  0*84  X  ^  =  3'o8  Ibs.  The  weight  of  CO  in  the 
example  is  nil,  since  none  is  shown  in  the  analysis  of  the  gases.  If 
CO  had  been  present  in  the  gases,  it  would  have  been  first  necessary 
to  find  the  proportion  by  weight  of  the  carbon  in  i  Ib.  of  dried  fuel 
burnt  into  CO2  and  CO  respectively,  thus  : — 
Proportion  by  weight  of  C  burnt  to  CO2 

~  (weight  of  CO2  in  i  Ib.  gas) 

T\(weight  of  CO2  in  i  Ib.  gas)  +  f  (weight  of  CO  in  i  Ib.  gas) 
Then  the  weight  of  CO2  formed  per  pound  of  dried  fuel  burnt  would 
have  been  equal  to  ^  X  weight  of  C  in  i  Ib.  dried  fuel  X  proportion 
by  weight  of  C  burnt  to  CO2,  and  similarly  the  weight  of  CO  would  be 
determined  by  using  |  as  the  multiplying  fraction. 

The  weight  of  H2O  formed  per  pound  of  dried  fuel  has  been  already 
determined  ;  in  the  example  it  is  0*50  Ib.  (see  p.  206). 

The  weight  of  nitrogen  will  be  equal  to  the  total  weight  of  the 
products  of  combustion,  less  the  weight  of  CO2,  CO,  and  H2O ;  or, 
in  the  example,  weight  of  N  =  12*60  —  (3*08  -f  0-5)  =  9*02  Ibs. 

The  proportions  by  weight  of  each  of  the  constituents  are  now 
readily  determined.  They  are  : — 

CO  =  -  weight  of  CO,  =  3/08 

~~  total  weight  of  products  of  combustion  ~~  12*60  ~~ 

weight  of  CO  _      o 

~~  total  weight  of  products  of  combustion  ~~  12*60  ~" 
H  O  =  -  weight  of  H2O  _  __    0-50 

total  weight  of  products  of  combustion      12*60  " 
^  _  weight  of  N  _    9*02 

total  weight  of  products  of  combustion      12 '60  ~~      '    ' 

1  Author's  Note. — This  calculation  neglects  the  heat  given  to  the  water-vapour 
which  is  associated  with  the  air  supply. 
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The  mean  specific  heat  of  the  products  of  combustion  (line  23)  will 
be  found  by  multiplying  each  of  these  weights  by  the  corresponding 
specific  heats  of  the  respective  gases  and  adding  the  results.  The 
following  are  the  specific  heats  of  these  gases l  :— 

O  =  0-218 

CO2  =  0-216 

CO  =  0-245 

H2O  =  0-480 

N  =  0*244 

In  the  example,  therefore,  the  mean  specific  heat  of  the  products 
of  combustion  (line  23)  is  0*244  x  0*216  -j-  0*039  X  0*480  +  0*717 
X  0*244  =  0*246. 

The  heat  carried  away  in  the  products  of  combustion  (line  39) 
can  now  be  calculated ;  it  is  equal  to :  weight  of  products  of  com- 
bustion per  pound  of  dried  fuel  X  (flue-gas  temperature  —  air  tem- 
perature) X  specific  heat  just  found  ;  or,  in  the  example,  the  heat  in 
B.Th.U.  =  12*60  x  (452  —  62)  x  0*246  =  I209.2 

Line  41. — The  moisture  in  the  fuel  has  to  be  warmed  up  from 
the  temperature  of  the  coal  (which  may  be  assumed  to  be  that  of 
the  air)  before  it  is  thrown  on  the  fire  to  212°  F. ;  it  is  evaporated  at 
this  temperature  and  superheated  to  the  temperature  of  the  escaping 
flue-gases. 

The  heat  expended  per  pound  of  dried  fuel  burnt  is  therefore 
equal  to  (weight  of  moisture  present  in  the  dried  fuel  per  pound 
(line  1 6)  X  [(212°  -  air  temperature)  +  966  +  0-48  (flue-gas  tem- 
perature —  212°).] 

Hence,  in  the  example  (p.  215),  heat  expended  per  pound  of  dried 
fuel  burnt 

=  0-019  [(212  -  62  +  966)  +  0*48  (452  -  212)] 
=  24  B.Th.U. 

Line  42. — Heat  lost  by  incomplete  combustion. 

This  is  equal  to  the  weight  of  carbon  burnt  into  CO  per  pound 
of  dried  fuel  burnt,  multiplied  by  the  difference  between  the  calorific 
value  of  carbon  when  burnt  to  CO2  and  when  burnt  to  CO. 

As  in  the  example  no  CO  was  produced,  it  will  be  assumed,  for 
a  numerical  example,  that  the  proportion  of  carbon  burnt  into  CO  was 
12*4  per  cent.,  and  that  the  weight  of  C  in  i  Ib.  of  dried  fuel  was 
0*7716  Ib.,  then — 

Heat  lost  =  0*7716  X  0*124  x  (i4»544  -  4343)  =  9?6  B.Th.U. 

Line  43. — Heat  lost  by  unburnt  carbon  in  the  ash. 

This  is  equal  to — 

carbonaceous  matter  in  ash  per  hour  (line  20) 

weight  of  dried  fuel  burnt  per  hour  (line  14  -  line  14  X  line  16) 

1  Author's  Note. — Specific  heat  of  gases  varies  somewhat  with  temperature  j  see 
Tables,  p.  384. 

2  See  author's  note,  p.  202.     No  account  is  taken  of  the  latent  heat  in  the  water- 
vapour  formed  by  combustion,  because  the  lower  calorific  value  of  the  fuel  is  used. 
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or,  in  the  example — 


15  3    X  14,544 


9237 
=  241  B.Th.U. 

Line  44  --  line  37  —  (the  sum  of  lines  38  to  43,  both  inclusive). 

Line  45. — This  is  obtained  by  multiplying  the  weight  of  dried  fuel 
burnt  per  hour  (line  14  —  line  14  X  line  16)  by  the  heat  transferred  to 
the  water  per  Ib.  of  dried  fuel  (line  38),  and  dividing  the  product  by 
the  number  of  square  feet  of  the  heating  surface  as  given  on  line  8.1 

line  14 
Line  46  = 


Line  47  = 
Line  48  = 


line  6 
line  14  —  line  14  x  line  16 


line  6 
line  31  —  line  31  X  line  35 

line  14 

Line  49  is  line  48  multiplied  by  the  evaporation  factor,  and  the 
evaporation  factor  is  equal  to  the  total  heat  required  to  evaporate  a 
pound  of  steam  under  boiler  conditions,  divided  by  966;  i.e.  it  is 

,  .     H!  —  A0 
equal  to  -^~. 

For  values  of  H!  and  h§  see  line  38. 
Line  50  =  line  31  -line  31  x  line  35 
line  14  —  line  14  X  line  16' 
Line  51  =  line  50   multiplied   by  evaporation  factor  (see   line  49 

above). 
Line  52  =  line  51  divided  by  line  18. 

Line  53  =  ^me  31  ~  ^ne  31  x  ^ne  $$)  X  evaporation  factor 

line  8 

weight  of  feed  in  Ibs.  per  hour  (line  31)  X  volume  of 
j-  •     54  _      i  Ib.  of  boiler  steam  in  cubic  feet  (from  steam  tables) 
area  of  water  surface   at  working   level    in   square  feet 

(line  n)  X  3600 

Line  55. — This  is  obtained  in  the  calculation  for  lines  39  and  40. 
_  weight  of  air  actually  used  per  pound  dried  fuel 

"  weight  of  air  theoretically  needed  per  pound  dried  fuel 
and  both  these  quantities  have  been  calculated  already  in  the  work 
needed  for  filling  in  lines  39  and  40. 

The  Economiser  and  Superheater. — The  usual  type  of  economiser 
for  land  boilers  is  arranged  in  the  main  flue  so  that  the  gases  come  in 
contact  with  the  outside  surface  of  the  economiser  tubes,  and  the 
feed  water  is  pumped  through  the  tubes  on  its  way  to  the  boiler.  The 
economiser  is  therefore  really  an  extension  of  the  boiler  heating  surface, 
but  specially  arranged  for  heating  the  feed  water.  The  headings  and 
values  given  on  pp.  217,  218  are  also  taken  from  the  Institution  of  Civil 

1  Author's  Note. — No  account  is  taken  of  the  heat  which  passes  through  the 
heating  surface  and  is  afterwards  lost  by  radiation,  etc.,  from  the  boiler  surface. 
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Engineers  Committee  report,  and  refer  only  to  economisers  and  super- 
heaters which  are  heated  by  the  boiler  flue  gases.  If  such  plant  is 
separately  fired,  the  headings  for  boiler  tests,  \vith  suitable  modifications, 
should  be  used  for  recording  the  average  results. 

Line  57.  —  In  giving  a  description  of  the  economiser  and  the  arrange- 
ment of  the  flues,  the  name  of  the  economiser  should  be  stated,  and  if 
possible  full  particulars  should  be  given  as  to  the  arrangements  for 
keeping  the  tubes  free  from  soot,  as  well  as  the  position  of  the 
economiser  relatively  to  the  boiler  and  chimney,  and  any  other  details 
which  would  be  of  service  in  following  the  working  of  the  plant.  An 
outline  sketch  generally  simplifies  a  written  description.  Particulars 
should  also  be  given  as  to  the  number,  sizes,  and  lengths  of  tubes. 

Line  58.  —  This  should  give  the  total  effective  economiser  heating 
surface  in  contact  with  the  flue  gases. 

Lines  59  and  60.  —  These  refer  to  the  superheater  as  part  of  the 
boiler.  Full  particulars  should  be  given  relating  to  the  construction, 
position,  and  arrangements  for  regulating  the  amount  or  degree  of 
superheat  ;  the  length,  diameter,  and  thickness  of  tubes  ;  and  the  heating 
surface  in  contact  with  the  gases. 

Line  61.  —  This  should  be  the  same  as  line  31,  unless  there  is 
leakage  at  the  boiler,  or  at  the  economiser  safety  or  blow-off  valves. 

Lines  62  to  65.  —  All  these  temperatures  should  be  measured  close 
to  the  point  of  entry  into  or  exit  from  the  economiser  at  regular 
intervals  during  the  test,  and  the  average  results,  corrected  for  thermo- 
meter errors,  would  be  entered  in  these  lines.  It  is  advisable  to  give 
particulars  of  the  thermometers  and  positions  in  the  remarks  column. 

Lines  66  and  67.  —  These*  are  obtained  in  a  manner  similar  to  the 
corresponding  items  on  the  boiler  sheets,  and  do  not  call  for  particular 
explanation,  except  to  say  that  the  specific  heat  now  refers  to  the  whole 
of  the  flue  gases  instead  of  the  products  of  combustion  only.  The 
specific  heat  can  be  taken  as  0*24  in  ordinary  tests  without  introducing 
any  appreciable  error. 

Line  77.  —  This  line  is  usually  taken  to  be  the  sum  of  lines  39  and 
40  of  the  boiler  sheet,  provided  that  the  gases  pass  direct  from  the 
boiler  to  the  economiser.  If  the  gases  happened  to  first  pass  through 
a  superheater  after  leaving  the  boiler,  this  line  would  then  be  the  same 
as  line  83,  which  gives  the  heat  in  the  gases  on  leaving  the  superheater. 

line  6  1  X  (line  63  —  line  62)  _ 
line  14  —  line  14  X  line  16) 


The  efficiency  =  . 

line  77 

Line  79.  —  The  calculations  for  this  line  are  similar  to  those  for  lines 
39  and  40,  p.  204.  The  weight  of  gases  leaving  the  economiser  would 
be  determined  from  the  analysis  by  the  same  methods  as  used  on 
p.  205,  and  the  heat  carried  away  is  then  obtained  by  the  product 
(weight  of  gases  leaving  economiser  per  pound  dry  fuel)  x  line  67  x 
(line  65  —  line  24). 

Line  80  =  line  77  —  line  78  —  line  79. 
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SUPERHEATER  CALCULATIONS 

Line  68. — If  the  whole  of  the  boiler  steam  passes  through  the  super- 
heater this  line  would  be  the  same  as  line  31,  unless  corrections  were 
necessary  on  account  of  leakages,  which  should  be  specified.  In  the  usual 
steam-pipe  arrangements  to  and  from  a  superheater,  a  steam  bye-pass 
valve  is  provided,  which  is  sometimes  used  to  regulate  the  temperature 
of  the  steam  as  it  goes  to  the  engine.  If  this  bye-pass  valve  is  not 
completely  closed  during  the  test,  the  weight  of  steam  passing  through 
the  superheater  can  only  be  estimated  approximately  by  measuring  the 
steam  temperatures  at  the  superheater  inlet  and  outlet,  and  after  the 
steam  is  thoroughly  mixed  in  the  main  pipe. 

Let  t°  F.  =  boiler  steam  temperature  at  entrance  to  superheater. 
t°  F.  =  superheated  steam  temperature  at  exit. 
/,°  F.  =  temperature  after  mixture  with  bye-passed  boiler  steam. 
x  Ibs.  =  weight  of  moisture  in  boiler  steam  per  pound  wet  steam. 
_/ weight  of  steam  passing  through  superheater  per  Ib.  dry 
w'   "    "\     fuel. 
wb  „    =         „  „      bye-passed  per  Ib.  dry  fuel. 

Then,      wt  +  wb=  total  steam  generated  by  boiler  per  Ib.  dry  fuel. 

Calculating  heat  contents  from  water  at  32°  F.,  and  assuming  the 
steam  pressure  in  boiler,  superheater,  and  main  steam  pipe  to  be 
practically  the  same — 

Heat  in  steam  leaving  superheater  =  ws{(^  —  32)  -f  L:  -f  0-5(4  —  A)l 
Heat  in  bye^passed  steam      =  «/»{(/,  —  32)  -j-  (i  —  -*)Li} 

„      steam  after  mixture  =  (w,+w6){(/i  —  32)-fL1  +  o<5(/,  —  /x)} 

Then,  on  the  assumption  that  there  is  little  or  no  loss  of  heat  externally — 

w.[(4  -  32)  +  LI  +  0-5(4  -  A)]  +  *4(4  -  32)  +  (i  -  x)  LJ 

=  (w.  -f  O[(A  -  32)  +  Li  +  o-5(/f  -  A)] 

Since  (w,  +  wb)  is  known,  then  both  wg  and  wb  can  be  calculated  from 
the  above  equation  if  the  various  steam  temperatures  are  known. 

There  is,  however,  no  actual  necessity  to  make  the  above  calcula- 
tion if  only  the  heat  given  to  the  steam  and  the  efficiency  of  the  super- 
heater are  required,  as  in  any  case  the  heat  given  to  the  steam  by  the 
superheater  is  approximately  the  difference  between  the  heat  contents 
in  the  superheated  steam  when  it  gets  into  the  main  steam  pipe  and 
that  which  it  had  before  being  superheated. 

Line  69. — Unless  a  special  pressure  gauge  is  fitted  to  the  steam 
pipe,  the  superheater  steam  pressure  is  usually  taken  to  be  the  same  as 
the  boiler  pressure,  but  in  such  a  case  there  should  be  no  throttling 
at  the  valves  between  the  boiler  and  the  superheater. 

Line  70. — This  is  usually  taken  to  be  the  same  as  line  35  of  the 
boiler  sheet,  but  if  a  long  length  of  pipe  intervenes  between  the  boiler 
and  a  separately  fired  superheater  a  separate  determination  might  be 
made  at  the  superheater. 

Lines  71  to  74. — These  do  not  call  for  particular  mention,  except 
to  say  that  the  temperatures  should  be  measured  close  to  the  super- 
heater, using  thermometers  suitable  for  high-temperaturfc  measurements. 
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Line  75. — These  values  would  be  practically  the  same  as  for  line  21 
of  the  boiler  sheet.  Unless  there  is  reason  to  expect  some  material 
difference  between  the  composition  of  the  gases  at  the  superheater  and 
that  of  the  flue  gases  leaving  the  boiler,  a  separate  gas  analysis  for  a 
flue-gas  heated  superheater  is  not  really  necessary. 

Line  76. — This  is  similar  to  line  67,  and  hardly  requires  a  special 
calculation  unless  the  superheater  is  separately  fired. 

Line  81. — If  the  flue  gases  pass  straight  from  the  boiler  to  the 
superheater,  the  value  in  this  line  would  be  the  sum  of  lines  39  and  40. 
Usually,  however,  the  superheater  is  placed  so  that  the  gases  come  in 
contact  with  the  superheater  tubes  before  leaving  the  boiler,  and  in  such 
a  case  a  calculation  is  necessary.     Reckoning  from  air  temperature — 
TO        f  weight  of  gases  per  pound  i 
line  81  =(dry  fUel  entering  superheater}  x  lme  76  *  (lme  73  -  Ime  24) 

Line  82. — Referring  to  the  symbols  for  steam  weight  and  tempera- 
tures on  p.  211,  the  heat  supplied  to  the  steam  at  the  superheater  per 
pound  dry  fuel  is 
[*a>.L,  +  0-5(4  -  A)^}B-Th-U. 

/  line  68  \ 

=  Ue  14  -  line  14  X  line  i6,H*Ll  +  °'*&  ~  ''» 

The  superheater  efficiency  p g-  has  only  a  fictitious  sort  of  value 

when  the  superheater  is  heated  by  the  boiler  flue  gases,  because  there 
is  no  possible  chance  of  the  gases  being  cooled  down  to  the  air  tem- 
perature within  the  superheater. 

Line$&. — This  is  calculated  in  the  same  manner  as  line  8r,  using 
the  temperature  in  line  74  instead  of  line  73. 

Line  84  =  line  81  —  line  82  —  line  83. 

Lines  85  and  86  are  self-evident  and  need  no  explanation. 

_w       line  38  -f  line  78 
Line  87  =  -       lme .     (Heat  values  only.} 

Steam  Feed  Heater. — When  a  steam  feed  heater  is  used  during  the 
testing  of  a  boiler,  it  should  be  described  and  the  principal  dimensions 
given.  The  temperatures  of  the  steam  inlet  and  of  the  feed  water  at 
the  entrance  and  exit  would  be  measured  and  the  results  recorded  in 
a  suitable  manner.  If  the  feed  water  is  thus  heated  by  live  steam  from 
the  boiler  under  test,  the  condensed  steam  is  usually  allowed  to  mix 
with  the  feed  water,  and  in  this  case  the  boiler  feed  temperature  would 
be  that  at  the  entrance  to  the  heater.  Of  course,  the  feed  water  would 
be  measured  before  being  sent  to  the  feed  heater. 

If  an  exhaust  feed  heater  were  introduced,  the  steam  would  usually 
be  kept  separate  from  the  feed  water,  and  the  boiler  feed  temperature 
would  then  be  that  at  the  heater  exit.  To  allow  exhaust  steam  to  come 
into  direct  contact  with  the  feed  water  after  the  latter  has  been  measured 
would  not  be  a  suitable  arrangement  for  test  purposes,  as  there  would 
be  some  uncertainty  regarding  the  quality  and  amount  of  exhaust  steam 
which  would  mix  with  the  feed. 

Air  Heaters. — In  some  boiler  installations,  notably  on  board  ship, 
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the  air  supplied  under  forced  or  induced  draught  to  the  boiler  furnaces 
is  heated  by  the  flue  gases  leaving  the  boiler.  The  temperature  of  the 
air  and  flue  gases  both  at  the  entrance  to  and  exit  from  the  heater 
could  be  measured,  and  the  results  recorded  under  suitable  headings 
similar  to  those  for  the  economiser  or  the  superheater.  A  brief  descrip- 
tion of  such  plant  should  be  given,  and  a  test  made  of  the  steam 
consumption  and  power  required  for  driving  the  necessary  fans. 

Feed  Pumps. — A  description  of  the  type,  arrangement,  and  prin- 
cipal dimensions  of  the  feed  pumps  should  be  given,  and  a  simple  test 
of  the  steam  consumption  and  power  should  be  made  when  a  boiler 
test  is  intended  to  be  complete. 

Boiler  Economics. — The  author  regrets  that  lack  of  space  precludes 
an  extensive  consideration  of  this  subject  in  the  present  work.  For 
more  complete  information  regarding  boiler  efficiencies  reference  might 
be  made  to  Mr.  B.  Donkin's  book  on  "  Heat  Efficiency  of  Steam 
Boilers,"  which  gives  particulars  of  a  large  number  of  boiler  tests  made 
on  many  different  types  of  boilers.  An  extensive  and  suggestive  series 
of  boiler  tests  and  experiments  have  been  made  by  Professor  J.  T. 
Nicolson  to  show  the  influence  of  high  velocities  of  gas  and  water  upon 
the  design  and  economy  of  steam  boilers.  A  reference  to  some  of  the 
results  of  these  experiments  is  given  on  pp.  238,  239. 

THE   INSTITUTION  OF  CIVIL  ENGINEERS. 

STANDARD  FORMS  FOR  TABULATING  THE  RESULTS  OF  STEAM 
ENGINE  AND  BOILER  TRIALS. 

BOILER  TRIAL. 

REPORT 

on  the  trial  of 
Two  marine  (Scotch)  Boilers 


working  at  164  Ibs.  per  square  inch  (gauge) 


made  on  the 10  January,  1897 

at  the  request  of_  Messrs.  William  Jones  &  Co. 


under  the  direction  of A-  B- 

and  in  the  presence  of__  M-  N- 

S.  T. 
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BOILER.    Sheet  I.     GENERAL  DESCRIPTION  AND  DIMENSIONS. 

Type  of  Boiler  TWO  Marine  (Scotch).     Made  by  Messrs.  The  Central  Marine 
Engine  Works. 

Maker's  rating  of  the  output  of  the  Boiler Ibs.  of  steam  per  hour. 

Test  made  at  an  output  of     8600    Ibs.  of  steam  per  hour. 
Object  of  the  trial  Experimental  research. 


Reference 
number. 

GENERAL  DESCRIPTION  OF  BOILER  AND  LEADING  DIMENSIONS. 

Single-ended  marine  steel  boiler  with  Purves  corrugated  flues.     Mean 

1 

2 
3 
4 

51 

6 

7 
8 

9 
10 
11 

The  force 

diameter  of  shell  13  feet  3  inches,  length  of  shell  10  feet  ;  two  furnaces 

with  grates  3  feet  6  inches  broad  by  3  feet  long. 

The  tubes  were  3  inches  external  diameter,  and  6  feet  10%  inches  long,  and 

the  total  number  was  480. 

The  heating  surface  was  75~2  times  the  grate  area. 

The  tube  surface  was  61'7  times  the  grate  area. 

The  internal  diameter  of  the  funnel  was  6  feet  3  inches,  and  a  damper  was 

placed  at  a  height  of  17  feet  8  inches  above  the  fire-bars. 

Method  of  starting  and  stopping  the  test.—  The  trial  was  started  and 

finished  by  the  method  B  described  on  page  176. 

Method  of  stoking  and  average  thickness  of  fire.—  The  boilers  were 

hand-fired,  the  average  thickness  of  the  fire  being  6  inches. 

Production  of  draught.—  Forced  draught,  a  fan  in  engine-room,  driven 

by  an  engine  supplied  with  steam  from  a  donkey  -boiler,  forced  air  into 

a  trunk  across  the  front  of  the  boilers,  from  whence  it  passed  mainly 

to  ash-pits,  but  a  small  quantity  was  also  delivered  into  the  combustion 

chambers. 

Chimnev.  height  (above  fire-bars)  51|  ft. 

Area  at  bottom    307    Sq.  ft.  ;  top    307    Sq.  ft. 

Total  grate  surface  (excluding  dead  plate)       .     .     .     sq.  ft.    42'° 

Grate  area  occupied  bv  air  spaces  between  bars,  sq.  ft.  ™^  measured. 

Total  effective  heating  surface 
fire-box  (and  combustion  chamber)  570  Sq.  ft.,  tubes    2590    Sq.  ftM 

sq.ft.    3i00 

Capacity  of  water  space      .     .     .]at         inches      c.  ft.  not  measured 

„          „     steam  space     .     .     .5     in  gauge         c.  ft.      „         „ 
Area  of  water  surface  in  boiler    J     glass             sq.ft.      „         „ 
d-draught  fan  was  60  inches  in  diameter  and  20  inches  broad,  and  at  400 

revolutions  a  minute  it  could  deliver  14,000  cubic  feet  of  air  a  minute  at  a  pressure 

of  3^  inches  of  water.    It  was  driven  by  a  Chandler  single-acting  high-speed 
engine  with  cylinder  8  inches  in  diameter  and  7  inches  stroke,  developing  2'1 


I.H.P.  at  ISO  revolutions  a  minute,  the  speed  during  the  trial. 
The  average  air-pressure  in  the  trunk  near  the  fan  was  Of86  inch  of  water,  and  in 

the  trunk  at  the  back  of  the  boilers  0'34  inch  of  water. 

The  funnel  damper  was  only  one-sixth  open  during  the  trial. 


No  smoke  records  were  made,  and  therefore  the  smoke  diagram  is  omitted. 


BOILER.    Sheet  II.    DATA  DEDUCED  FROM  OBSERVATIONS. 


Deference 
number. 

Particulars  of  Observations. 

Abstract  of 
Observations. 

Remarks. 

12 

Duration  of  trial  from  W  P'm-  to  2  p.m.      .     .  hours 

16 

13 

FUEL. 

Tyne  coal 

From  Walbottle 

942 

Colliery. 

15 

ifi 

1  Analysis  by  weight  of  dried  fuel,  Carbon  .      per  cent. 
1                           „                 „            Hydrogen          „ 
(                           „                 ,,            Sulphur             ,, 
)                           ,,                 ,,            Ash.     .             ,, 
f                                                         ("Oxygen             ,,         1 
\Othermatters  „         / 
Mo  sture  in  fuel  as  fired                              .     .      per  Ib. 

83-97 
5'58 

2-96 
7-49 
(by  difference) 
0-019 

Special 
analysis. 

17 
18 

Calorific  value  of  dried  fuel(  "lower"  value)B.Th.U.  „ 

14,890 
1-02 

By      Thomson 
modified  calo- 

10 

ASH  AND  CLINKER. 
fetal  per  hour    Ibs. 

27-0 

rimeter.  (£x~ 
pert  chemist.  ) 

20 

21 

22 

23 

24 

Carbonaceous  matter  in  ash  per  hour   ....       ,, 

FLUE  GASES. 
'Analysisofdryfluegases,Carbonic  acid      .     .  percent. 
,,             ,,            ,,      Carbonic  oxide   .     .         ,, 
,,             „            ,,       Oxygen      ...         ,, 
,,             ,,            ,,      Nitrogen(by  difference)  ,, 
Average  temperature  leaving  boiler  flues      .     .     °  F. 
Mean  specific  heat  of  products  of  combustion      .     . 

AIR  AND  DRAUGHT. 
Temperature  of  outside  air               °  F. 

15'3 

By            By 
vol.       weight. 

8-20    12-12 

o-oo    o-oo 

11-17    12-01 
80-63    75-87 
452 
0-246 

62 

total  fuel  fired. 
(Determined  by 
analysis.} 
ihrom  funnel  on 
main   deck, 
about  13  feet 
above  damper. 
By       mercury 
thermometer 
•with   nitrogen 
above  mercury 

25 
26 
27 
28 
29 
30 

31 
32 

Barometric  pressure  (29'67  ins.  mercury)  Ibs.  per  sq.  in. 
Pressure  in  ash-pit  (if  forced  air-supply)  inches  of  water 
Pressure  over  fire  (         ,,           ,,          )       ,>         ,» 
Draught  at  gas  exit  from  boiler  .     .           ,,         ,, 
Draught  at  base  of  chimney  ...           ,,         ,, 
Weight  of  steam  per  hour  used  in  producing  draught  Ibs. 

FEED  WATER. 
From  pump,  economiser  or  feed  heater  per  hour    Ibs. 
Temperature  of  feed  to  boiler                                    °  F. 

14-58 
+0-17 

-0-25 
not  measured, 

8616 
106 

gases  were  col- 
lected. 

At  place  where 
gases  were  col- 
lected. 

33 

STEAM. 

165-0 

34 

179-6 

\   analysis       of 

35 
36 

Total  moisture  in  steam     per  Ib. 
Temperature  of  saturation                      .                    °  F 

0-029 
373 

\   salt  in   boiler 

*  densed  steam. 

The  coal  was  weighed  in  baskets  holding  450  Ibs.  each,  and  the  fires  were  cleaned  once  during 
the  trial. 

The  furnace  gas  samples  ivere  taken  every  hour,  some  slowly  over  periods  varying  from  %  to 
1  hour,  some  quickly. 

Feed  water  was  measured  by  tanks  ;  each  of  the  pair  of  measuring  tanks  Jteld  about  15%  minutes' 
supply.  Supplementary  feed  was  measured  in  a  separate  tank.  All  gauges  and  thermo- 
meters were  read  regularly  every  %  hour,  and  were  afterwards  all  tested  for  accuracy. 


NOTE. — When  jacket  condensed  steam  and  reheater  condensed  steam  are  returned  direct  to 
the  boiler,  the  weight  of  each,  returned  per  hour,  should,  if  possible,  be  determined,  and  also 
the  temperatures  at  which  they  enter  the  boiler.  The  blank  lines  are  intended  for  use  in  such 
cases,  and  for  any  other  observations  which  it  may  be  desired  to  record. 
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BOILER.    Sheet  III.    HEAT  ACCOUNT  AND  DEDUCTIONS. 


HEAT  ACCOUNT  (per  pound  of  dried  fuel).  B.Th.U.    Per  cent. 

37         Total  heat  value  of  I  Ib.  of  dried  fuel 14,890      lOO'O 

Heat  transferred  to  the  water  (thermal  efficiency]     .     .  ;  10,238  68'7 

39  Heat  carried  away  by  products  of  combustion     .     .     .        1,209  8nl 

40  Heat  carried  away  by  excess  air 1,239  8' 3 

41  Heat  lost  in  evaporating  and  in  superheating  moisture!           QA  n.o 

mixed  with  fuel / 

42  Heat  lost  by  incomplete  combustion      .     .     .     .     .     .         Nil 

43  Heat  lost  by  unburnt  carbon  in  ash 241  1'6 

44  Balance  of  heat  account : — Errors  of  observation,  and 

unmeasured  losses,  such  as — those  due  to  radiation,        *  goo         <o. 
escape  of  unburnt  hydrocarbons,  superheating  mois-          ' 
ture  in  air,  loss  in  hot  ashes,  etc 

Total  of  lines  38  to  44,  equal  to  line  37 14,890      lOO'O 

DEDUCTIONS. 

45  Heat  transmitted   per  square  foot  of  heating  surface)  ^  y,  TJ        QQQQ 

per  hour / 

46  Weight  of  fuel  fired  per  square  foot  of  grate  per  hour  .        lb£.  22'4 

47  Weight  of  dried  fuel  fired  per  square  foot  of  grate  per)  00  n 

hour j        " 

48  Water  evaporated  per  pound  of  fuel  as  fired    ....          ,,  8'88 

49  Equivalent  evaporation  from  and  at  212°  F.  per  pound)  in  on 

of  fuel  as  fired /        » 

50  Water  evaporated  per  pound  of  dried  fuel       ....          ,,  9'06 

51  Equivalent  evaporation  from  and  at  212°  F.  per  pound)  ir.  _ 

of  dried  fuel. f 

52  Equivalent  evaporation  per  pound  of  carbon  value  of  I 

fuel  from  and  at  212°  F I 

53  Weight  of  feed  from  and  at  212°  F.  per  square  foot  of)  „  ~~ 

heating  surface  per  hour I        " 

54  Velocity  of  steam  across  water  surface <  ^el 

55  Air  used  per  pound  of  dried  fuel Ibs.  25'0 

56  Ratio  of  air  used  to  air  theoretically  needed 2'15 
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ECONOMISER  AND  SUPERHEATER.     Sheet  I. 
GENERAL  DESCRIPTION  AND  DIMENSIONS. 


Reference 
number. 


ECONOMISER.     (Heating  of  feed  by  flue  gases.) 
General  description  of  Economiser,  and  arrangement  of  flues,  etc. 


Heating  surface  of  economiser sq.  feet. 

SUPERHEATER. 
General  description  of  superheater  and  of  method  of  heating  it 


Heating  surface sq.  feet. 


DATA  DEDUCED  FROM  OBSERVATIONS. 


ECONOMISER. 

Weight  of  feed  water  entering  econo- 
miser per  hour Ibs. 

Temperature  of  feed  into  .     .     .    °  F. 

„  ,,        out  of    .     .    °F. 

„'  of  flue  gases  into    .    °  F. 

„     out  of     °F. 

Analysis    of   dry  flue   gases    leaving 

economiser 

Carbonic  acid       ....    per  cent 
Carbonic  oxide     ....         ,, 

Oxygen .     .         „ 

Nitrogen  (by  difference)     .        ,, 
Mean  specific  heat  of  flue  gases  leaving 
economiser 

SUPERHEATER. 

Weight  of  steam  entering  superheater 

per  hour Ibs. 

Steam  pressure  (absolute)  into 

Ibs.  per  sq.  inch 

Moisture  of  steam  into       .     .     per  Ib. 

Temperature  of  steam  into     .     .     °  F. 

,,  ,,  out  of      .     °F. 

,,  of  flue  gases  into   .     °F. 

„          „      out  of     °F. 

Analysis    of    dry   flue    gases    leaving 

superheater 

Carbonic  acid  ....      per  cent. 
Caibonic  oxide     ...  ,, 

Oxygen ,, 

Nitrogen  (by  difference)            ,, 
Mean  specific  heat  of  flue  gases  leaving 
superheater 


Abstract  of  Observations. 


By  volume.  By  weight 


By  volume.  By  weight 


Remarks. 
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ECONOMISER  AND  SUPERHEATER.     Sheet  II. 
HEAT  ACCOUNT  AND  DEDUCTIONS. 


Reference 
number. 

HEAT  ACCOUNT  (per  lb.  of  dried  fuel). 

B.Th.U. 

Per  cent. 

77 

ECONOMISER. 

Heat  received  from  boiler  flues,  in  gases  and  steam,  j 
per  lb.  of  dried  fuel  (reckoned  from  air  tempera-  > 
ture)  .     .     .                ...           ...          .     .) 

100-0 

78 

Heat  transferred  to  the  water  (efficiency  of  econo-\ 
miser)      / 

79 
80 

Heat  carried  off  in  the  chimney  gases      .... 
Balance  of  heat  account,  including  errors  of  obser-| 
vation  and  difference  of  heat  contained  in  brick-  v 
work  at  beginning  and  end  of  tests,  etc.   .     .     .  j 

Total  of  lines  78  to  80,  equal  to  line  77   .... 

100-0 

81 

SUPERHEATER.1 

Heat  received  from  flue  gases  and  steam  per  lb.  of  \ 
dried  fuel  (reckoned  from  air  temperature)    .     .( 

100-0 

82 
83 
84 

Heat  transferred  to  steam  (efficiency  of  superheater} 
Heat  carried  off  in  the  chimney  gases      .... 
Balance  of  heat  account,  including  errors  of  obser-} 
vation    etc                                                                  / 

Total  of  lines  82  to  84,  equal  to  line  81  .     .     .     . 

100-0 

85 

DEDUCTIONS. 

Heat  transmitted  per  square  foot  of  heating  surface! 
of  economiser  per  hour  .                                          j 

B.Th.U. 

86 
87 

Heat  transmitted  per  square  foot  of  heating  surface  \ 
of  superheater  per  hour  / 
Thermal  efficiency  of  boiler  and  economiser  com-j 
bined      / 

B.Th.U. 
per  cent. 

1  If  separately  fired,  enter  results  on  a  boiler  form. 


CHAPTER   IX 

TESTING   OF  CONDENSERS  AND  AIR  PUMPS 

Condensers  and  Air  Pumps.— The  testing  arrangements  and  the 
methods  of  testing  which  would  be  adopted  for  an  exhaust  steam  con- 
densing plant  would  depend  somewhat  upon  the  type  of  condenser  and 
the  nature  of  the  information  desired.  The  principal  types  of  con- 
densers in  general  use  are :  Ordinary  surface  condensers,  evaporative 
surface  condensers ;  jet,  barometric,  and  exhaust  ejector  condensers. 
In  the  ordinary  surface  condensers,  the  steam  is  condensed  on  the  sur- 
face of  tubes  or  plates,  the  other  surface  being  in  continuous  contact 
with  the  cooling  or  circulating  water,  whereas,  in  the  evaporative  type, 
the  cooling  water  is  allowed  to  trickle  over  the  cooled  tube  surface,  some 
of  this  water  being  evaporated  by  the  heat  taken  up.  It  is  generally 
necessary  to  place  an  evaporative  surface  condenser  in  a  situation  where 
it  is  thoroughly  exposed  to  the  outside  atmosphere  so  as  to  facilitate 
the  evaporative  process.  In  the  jet,  the  barometric,  and  the  exhaust 
ejector  condensers,  the  steam  and  condensing  water  come  into  direct 
contact,  various  methods  being  employed  to  ensure  a  thorough  mixture. 
The  jet  condenser,  like  the  surface  condenser,  requires  an  air  pump  for 
ejecting  the  air  and  water.  The  barometric  type  is  similar  to  the  jet 
condenser,  except  that  it  is  elevated  so  that  the  head  of  water  in  the 
long  discharge  pipe  is  sufficient  to  cause  the  discharge  of  the  condensing 
water ;  the  air,  with  its  accompanying  water  vapour,  is  drawn  from  the 
condenser  by  means  of  a  dry  air  pump.  No  air  pump  is  required  with 
the  exhaust  ejector  type  of  condenser,  as  in  this  case  the  condensing 
water  is  supplied  with  a  sufficient  head  so  as  to  acquire  a  fairly  high  jet 
velocity  as  it  enters  the  condenser  through  a  specially  shaped  nozzle,  the 
steam  being  condensed  by  direct  contact  with  the  water.  The  water 
then  enters  an  expanding  cone  with  practically  undiminished  velocity, 
the  cone  being  arranged  so  that  the  velocity  energy  is  therein  converted 
to  a  pressure  energy  sufficient  to  discharge  the  water  against  the  atmo- 
spheric pressure.  In  this  case  the  jet  of  water  not  only  condenses  the 
steam,  but  it  also  has  some  kind  of  entraining  or  mixing  action  on  the 
associated  air  in  the  condenser,  the  air  being  discharged  along  with 
the  water. 

As  is  well  known,  the  surface  condenser  is  generally  used  where  it  is 
desirable  to  keep  the  condensed  steam  and  the  cooling  water  separate, 
which  occurs  when  the  cooling  water  is  not  suitable  for  steam-raising 
purposes,  and  when  the  supply  of  suitable  feed  water  is  limited  or  costly. 
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In  such  cases  the  condensed  steam  would  be  returned  to  the  boiler,  and 
the  outside  supply  of  suitable  feed  water  would  only  need  to  be  sufficient 
to- make  up  the  losses.  The  direct  contact  types  of  condensers  would 
be  used  where  the  condensing  water  can  be  fed  to  the  boiler  without 
expensive  treatment,  or  where  a  good  and  cheap  supply  of  suitable  feed 
water  is  available  which  would  allow  the  condensed  steam  to  be  run  to 
waste  without  serious  expense. 

An  ordinary  condenser  test  would  be  mostly  concerned  with  the 
following  features  :  (i)  To  see  that  the  condenser  and  air  pumps  were 
in  working  order,  and  to  test  whether  the  packing  of  the  tubes  of  a  sur- 
face condenser  was  thoroughly  efficient  to  prevent  leakage.  (2)  To 
ascertain  the  rate  of  condensation  and  the  vacuum  obtainable  under 
given  conditions,  (i)  To  measure  the  power  required  to  drive  the  air 
and  circulating  pumps,  together  with  the  steam  consumption  if  steam 
driven. 

In  ordinary  guarantee  tests  the  conditions  of  the  test  as  regards  the 
quantity  and  the  temperature  of  the  condensing  water  are  usually  speci- 
fied, and  the  guarantee  generally  refers  to  the  amount  of  steam  con- 
densed and  the  vacuum  obtainable  under  the  specified  conditions ;  but 
when  it  is  desired  to  make  a  series  of  tests  to  ascertain  the  influence  of 
any  variable  condition,  care  should  be  taken  to  maintain  all  the  other 
independent  conditions  as  constant  as  possible  throughout  the  series. 
The  variable  conditions  under  which  a  condenser  might  operate  are  as 
follows : — 

1.  Steam  inlet  temperature,  pressure,  and  steam  quality. 

2.  Inlet  temperature  of  the  cooling  or  condensing  water. 

3.  Outlet  temperature  of  the  cooling  or  condensing  water. 

4.  Quantity  and  velocity  of  the  cooling  water. 

5.  Ratio  of  air  to  steam  entering  condenser. 

6.  Condition  of  the  condensing  surface  and  of  the  surface  in  con- 
tact with  the  cooling  water  in  a  surface  condenser. 

7.  Speed  of  air  pumps  or  variation  of  air-pump  capacity. 

8.  Structural  alterations  of  the  condensing  plant,  such  as  the  number 
of  water  passages  or  length  of  water  path  in  surface  condensers ;  altera- 
tions of  the  steam  baffles  in  the  condenser  where  such  are  used ;  varia- 
tions of  the  length  and  diameter  of  tubes,  etc. 

All  the  above  conditions  are  more  or  less  independent  except  the 
outlet  temperature  of  the  cooling  or  condensing  water,  which  is  depen- 
dent upon  a  combination  of  the  other  conditions.  For  a  further  con- 
sideration of  this  subject  reference  might  be  made  to  p.  232. 

The  weight  of  steam  apparently  condensed  and  discharged  from  a 
condenser  would  depend  upon  the  quality  of  the  steam  entering  the 
condenser.  For  example,  the  exhaust  steam  from  most  engines  con- 
tains moisture  which  might  appear  to  add  to  the  actual  amount  of 
steam  condensed,  but  if  the  guarantees  referred  to  the  amount  of  such 
exhaust  steam  as  it  usually  comes  from  steam  engines,  then  no  objection 
could  be  taken  to  a  guarantee  test  on  the  ground  of  steam  quality  if  the 
character  of  the  steam  to  be  dealt  with  were  clearly  specified.  If  the 
guarantee  results  referred  to  the  weight  of  saturated  exhaust  steam 
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condensed,  it  would  be  necessary  to  install  an  efficient  calibrated  sepa- 
rator in  the  exhaust  pipe  of  a  steam  engine,  as  explained  on  p.  130. 
For  experimental  purposes,  however,  the  steam  to  be  condensed  might 
be  taken  direct  from  the  steam  supply  pipe  to  the  condenser,  but  unless 
special  precautions  were  taken  the  conditions  might  be  somewhat  unfair 
to  the  condenser,  for  it  is  well  known  that  ordinary  high-pressure  steam 
would  probably  become  superheated  on  being  throttled  down  to  the  con- 
denser pressure,  and  it  is  therefore  desirable  to  get  rid  of  such  superheat 
before  the  steam  is  allowed  to  enter  the  condenser. 

In  such  a  case  the  throttled  steam  might  be  allowed  to  pass  through 
a  body  of  water  before  entering  the  condenser.  A  suitable  vessel 
arranged  for  this  purpose  is  shown  in  Fig.  I29.1  After  passing  through 
a  reducing  valve  the  steam  enters  the  per- 
forated copper  coil  A  at  a  pressure  slightly 
above  that  in  the  condenser,  and  the  steam 
would  probably  lose  its  superheat  in  bub- 
bling through  the  water.  It  is  then  allowed 
to  pass  to  the  condenser  from  the  top  of 
the  vessel,  and  it  is  advisable  to  introduce 
a  perforated  diaphragm  at  B  to  prevent 
water  or  excessive  moisture  being  carried 
over  with  the  steam.  An  ordinary  gauge 
glass  could  be  used  to  indicate  the  water- 
level  in  the  vessel,  and  if  a  connection  is 
made  to  an  ordinary  town's  main  the  water 


B 


could  easUy  be  kept  at  a  constant  level  F£nv^£S?st± 

The   weight   of  condensed  steam  dis-       to  saturated  steam  for  con- 
charged  from  a  surface  condenser  could  be       denser  experiments, 
measured  as  described  on  p.  129. 

A  better  and  more  certain  basis  for  guarantees  relating  to  the  con- 
densing capacity  of  a  condenser  would  be  the  number  of  heat  units  given 
to  the  cooling  water  per  unit  of  time,  though  even  this  rate  might 
depend  somewhat  upon  the  quality  of  the  steam  condensed  and  the 
amount  of  air  present  with  the  steam.  This  basis  would,  of  course, 
necessitate  accurate  temperature  measurements  of  the  water  and  a 
reasonably  accurate  method  of  measuring  the  quantity  of  cooling  water. 

The  methods  by  which  the  leakage  of  the  cooling  or  circulating  water 
to  the  steam  side  of  a  surface  condenser  can  be  tested  were  dealt  with 
on  p.  129,  but  in  no  case  where  leakage  occurs  should  the  tests  be 
accepted  as  more  than  an  approximate  estimate  of  the  actual  leakage 
under  condensing  conditions. 

When  direct  contact  condensers,  such  as  the  jet,  the  barometric,  or 
the  exhaust  ejector  types  are  used,  the  total  heat  given  to  the  condens- 
ing water  can  be  obtained  if  the  inlet  and  outlet  temperatures  and  the 
weight  of  condensing  water  are  measured.  The  weight  of  steam  condensed 
can  be  estimated  by  the  methods  and  calculations  explained  on  p.  131. 

1  A  similar  vessel  was  used  by  Mr.  Allen  and  described  in  his  paper  on  "  Surface 
Condensing  Plants  and  Value  of  Vacuum  produced,"  Inst.  of  Civil  Eng.,  vol.  clxi., 
1904-5,  part  III. 
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Measurement  of  Condensing  Water. — The  quantity  of  condensing 
or  circulating  water  to  be  dealt  with  in  ordinary-sized  condensers  is 
usually  too  great  to  admit  of  direct  weighing.  If  very  large  measuring 
tanks  were  available  they  could  be  used  to  measure  the  water  as  it  leaves 
the  condenser  in  much  the  same  manner  as  described  on  p.  182  when 
dealing  with  the  measurement  of  boiler  feed  water,  but  the  volume  of 
water  is  usually  too  great  to  make  even  this  method  convenient.  The 
simplest  arrangement  includes  the  use  of  some  kind  of  weir,  notch,  or 
orifice,  which  involves  a  calculation  of  the  volume  of  the  water-flow 
based  upon  the  dimensions  of  the  notch  or  orifice  and  upon  the  height 
of  the  water-level.  One  of  the  most  convenient  methods  is  illustrated 
in  Fig.  130.  A  V-shaped  sharp-edged  notch,  preferably  constructed  of 
brass,  is  bolted  to  the  inner  side  of  the  wood  or  galvanized  iron  tank  so 
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FIG.  130. — Arrangement  of  gauge  notches  for  measurement  of  water  flow. 

as  to  make  a  water-tight  joint,  and  with  the  sharp  edge  of  the  notch 
inwards.  The  most  convenient  angle  of  the  notch  is  that  with  the  sides 
at  45  degrees  to  the  vertical,  as  shown  in  Fig.  130,  the  bottom  corner 
thus  containing  an  angle  of  90  degrees.  The  water  is  led  into  the  tank 
by  the  pipe  A,  and  two  or  three  baffles  B  should  be  introduced  to  ensure 
a  smooth  flow  of  the  water  towards  the  notch ;  an  additional  security 
against  serious  disturbance  of  the  water  is  afforded  by  introducing  one 
or  more  gauze  wire  screens,  S.  The  quantity  of  water  flowing  is  very 
nearly  expressed  by  the  following  formula  obtained  by  the  late 
Professor  James  Thomson  : — 

Q  =  a-635** 
where  Q  =  cubic  feet  of  water-flow  per  second. 

h  —  head  or  height  of  still  water-level  above  the  bottom  corner 
of  the  notch,  measured  in  feet. 

Recent  experiments1  show  that  the  above  formula  gives  results 
about  1*75  per  cent,  too  low  at  0*167  ft-  head,  and  about  1*75  per  cent, 
too  high  at  a  head  of  0*83  ft.  These  experiments  also  show  that  the 
width  of  the  channel  has  a  slight  influence  on  the  discharge  when  made 
narrower  than  about  eight  times  the  head,  and  that  the  depth  of  channel 
should  not  be  less  than  three  or  four  times  the  head. 

The  head  h  could  be  measured  by  means  of  a  copper  float,  to  which 
a  vernier  scale  might  be  attached,  but  the  float  should  be  placed  not  less 
than  2  to  3  ft.  back  from  the  notch,  well  out  of  the  central  current  and 

1  Barr  on  "Experiments  upon  the  Flow  of  Water  over  Triangular  Notches," 
Engineering,  April  8  and  15,  1910. 
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surrounded  with  a  perforated  protecting  cylinder.  A  more  accurate 
method  is  to  use  a  hook  gauge  connected  with  a  good  vernier  scale,  as 
represented  in  Figs.  130  and  131,  the  water-level  being  indicated  on 
the  scale  when  the  point  of  the  gauge  just  touches 
the  surface  of  the  water.  This  should  be  placed 
some  distance  back  from  the  orifice,  or,  better 
still,  in  a  special  glass  cylinder,  G,  connected  to 
the  tank  by  means  of  a  long  pipe,  C  (Fig.  130), 
having  the  open  end  of  the  pipe  facing  the  stream. 
The  accuracy  of  these  methods  also  depends  upon 
the  correct  measurement  of  the  zero  head  or 
level.  Owing  to  the  influence  of  capillary  attrac- 
tion, the  water  would  not  begin  to  flow  over  the 
bottom  corner  of  the  notch  until  the  water-level 
in  the  tank  was  slightly  higher  than  the  corner, 
so  that  an  error  might  be  caused  in  the  estimation 
of  the  zero  level  if  this  effect  were  neglected. 
One  way  to  get  over  the  difficulty  is  to  place  one  FlG  I3I. —Adjustable 
end  of  a  sharp-sided  straight-edge  into  the  lower  hook  gauge, 

corner  of  the  notch,  and  to  support  the  other  end 
without  pressure  on  the  point  of  an  adjustable  hook  gauge  suitably 
placed  in  the  channel  or  tank.  An  accurate  spirit-level  then  placed  on 
the  upper  side  of  the  straight-edge  would  indicate  when  the  correct 
level  was  obtained.  If  the  surface  of  the  water  was  then  adjusted  to 
coincide  with  the  point  of  the  gauge,  this  would  represent  the  correct 
zero  level. 

A  sharp-edged  rectangular  notch  (Fig.  130)  could  also  be  used  to 
measure  the  volume  of  water-flow.  The  width  b  of  the  notch  should 
not  be  less  than  about  three  times  the  depth  d,  but  it  would  not  be 
advisable  to  make  it  much  wider,  or  it  might  be  difficult  to  measure 
small  rates  of  flow  accurately.  The  width  of  the  tank  or  channel  B 
should  not  be  less  than  (b  +  4^),  and  the  depth  not  less  than  $d.  The 
general  expression  for  the  volume  of  water-flow  is — 

Q  =  c(b  -  nk)$ 

where  Q  =  cubic  feet  per  second. 
b  —  width  of  notch,  feet. 
h  =  head  or  height  of  still  water-level  above  sill  of  notch,  feet. 

c=  3'3- 

n  =  0*2,  when  b  is  less  than  B. 

The  expression  then  becomes — 

Q  =  3-3^  —  o'2  h}ff  cubic  feet  per  second. 

Another  convenient  arrangement  to  measure  the  rate  of  water-flow 
is  to  use  a  submerged  sharp-edged  circular  orifice,  preferably  made  of 
brass,  and  placed  in  the  bottom  of  a  vessel  or  tank  as  represented  in 
Figs.  132  and  133.  The  level  of  the  water  could  be  indicated  by  a 
graduated  gauge  glass.  To  prevent  serious  disturbance  to  the  body  of 
water,  the  baffles  B  B  and  wire  screen  S  would  be  used  in  the  tank 
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Fig.  133,  and  in  Fig.  132  it  is  convenient  to  introduce  a  perforated 
conical  distributor  D,  so  that  the  water  would  drop  without  creating  a 
disturbance  of  the  body  of  the  water  in  the  vessel.  If  the  circulating 


s 

1   5**-- 

B 

B 

FIGS.  132,  133. — Measurement  of  water  flow  by  means  of  orifices. 

pump  was  of  the  reciprocating  type  the  discharge  might  fluctuate  at 
each  stroke,  in  which  case  a  few  wire  screens  might  also  be  introduced 
in  Fig.  132  to  prevent  oscillations  of  the  water  in  the  gauge  glass. 
If  Q  =  cubic  feet  per  second, 

a  =  area,  of  sharp-edged  circular  orifice,  square  feet, 
h  =  height  of  water-level  or  head  above-  orifice,  feet, 
k  —  coefficient  of  discharge. 

Then    Q  =  ka*J~2gh 

The  coefficient  of  discharge  k  varies  slightly  with  the  head  and  with 
the  diameter  of  the  orifice.  Experiments  made  by  Mr.  Mair  and  pub- 
lished in  the  Proc.  of  the  Inst.  of  Civil  Engs.,  vol.  Ixxxiv.,  1885-86, 
part  ii.,  showed  that  the  temperature  of  the  water  between  57°  F.  and 
179°  F.  has  very  little  influence  on  the  volume  discharged  from  a  circular 
sharp-edged  orifice.  He  also  found  that  if  the  edge  of  the  orifice  were 
not  quite  sharp  the  coefficient  of  discharge  was  appreciably  different  to 
that  obtained  from  a  sharp-edged  orifice.  The  following  table  gives 
selected  values  from  the  above-mentioned  experiments : — 

COEFFICIENT  OF  DISCHARGE  FROM  CIRCULAR  SHARP-EDGED  ORIFICES. 


Diameter  of  Orifice,  inches. 

I 

i  '5 

2fO 

2'5 

3-0 

feet. 

Coefficients. 

075 

I'O 

**s 

o'6i6 
0-613 
o-6io 

0-616 

0'6l2 

o'6n 

0-616 

0'6l2 

o'6io 

0-607 
0-604 
0*603 

0-609 
0-609 
0-605 

2'0 

0*609 

0-609 

0*609 

0-604 

0-605 

Instead  of  a  single  orifice  in  the  bottom  of  the  tank,  another  con- 
venient arrangement  consists  in  using  a  series  of  small  orifices  bored  in 
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a  thin  brass  plate,  which  is  set  quite  level,  the  holes  being  all  of  the 
same  diameter  and  at  equal  distances  apart  round  the  circumference 
of  a  circle.  If  a  suitable  collector  is  arranged  so  that  the  discharge 
from  any  one  of  these  orifices  could  be  run  into  a  weighing  tank  or  into 
a  measuring  vessel  of  known  capacity,  fairly  accurate  results  are  obtain- 
able. If  there  were  //  orifices  thus  arranged,  the  total  discharge  could 
be  taken  to  be  n  times  the  measured  discharge  from  any  one  orifice. 
A  gauge  glass  could  be  used  to  determine  the  height  or  head  of  water, 
although  not  really  necessary  if  the  discharge  were  measured  con- 
tinuously. 

The  rate  of  water-flow  through  a  pipe  can  be  measured  by  means  of 
a  Venturi  meter,  a  description  of  which  is  given  on  p.  364. 
Discharge  of  Water  from  a  Tank  under  Varying  Head. 
Let   A  =  area  of  tank,  square  feet  (assumed  constant). 

d  =  diameter  of  orifice,  short  discharge  pipe,  or  cock,  feet. 
g  =  acceleration  due  to  gravity  =  32-2  ft.  per  second  2. 
h  =  head  of  water  above  centre  of  orifice,  feet. 
h^  —  head  of  water  at  commencement  of  discharge,  feet. 
Aj  =         „  „      finish  of  discharge,  feet. 

/  =  time  of  discharge  between  h^  and  h^  seconds. 
k  =  coefficient  of  discharge. 
§h  =  fall  of  level  in  time  S/  when  tank  is  emptying. 

Since  the  theoretical  velocity  of  discharge  is  V  2gh,  then  — 

A8/t  =  k  .  -  d?  -  V  2gh  .  oY  (no  water  flowing  into  tank) 

4 

or  /  =  -  —•  .   V      —  V%   seconds 


Given  the  dimensions  of  the  tank  and  the  time  required  for  empty- 
ing, the  approximate  diameter  of  the  outlet  pipe  or  cock  required  is 
calculable  if  the  value  of  k  is  known.  For  a  plug  cock  bolted  directly 
to  the  bottom  of  the  tank  and  running  full  open,  the  value  of  k  may  be 
taken  at  about  0*6. 

Measurement  of  Temperatures,  Pressures,  etc.  —  The  inlet  and 
outlet  temperatures1  of  the  cooling  or  circulating  water  should  be 
measured  as  near  to  the  condenser  as  possible,  either  by  inserting  the 
thermometers  into  deep  mercury-filled  pockets,  or  by  allowing  the 
thermometer  bulbs  to  be  in  direct  contact  with  the  water,  with  suitably 
screwed  glands  introduced  for  the  purpose  ;  though  it  is  not  desirable 
to  have  thermometer  bulbs  subjected  to  pressure  unless  calibrated 
under  pressure.  The  water  temperature  might  also  be  measured  at 
each  passage  through  the  tubes  of  a  surface  condenser. 

The  steam  inlet  temperature  and  the  outlet  condensed  steam  and 
air  temperatures  would  also  be  obtained,  with  perhaps  intermediate 
thermometers  inserted  through  the  walls  of  the  condenser  at  various 

1  Refer  to  pp.  66  and  127  for  precautions  regarding  measurement  of  temperature. 

Q 
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positions,  for  the  purpose  of  measuring  the  progressive  steam  tempera- 
tures where  such  information  is  desired.  The  vacuum  could  be 
measured  either  by  a  mercury  column  or  gauge  as  described  on  p.  38. 
The  common  practice  is  to  place  the  vacuum  gauge  near  to  the  steam 
inlet,  and  under  some  conditions  it  may  be  necessary  to  measure  the 
vacuum  at  the  air-pump  suction.  For  some  purposes  it  might  be 
desirable  to  measure  the  power  required  to  force  the  circulating  water 
through  the  condenser;  the  methods  to  be  used  are  described  on 
P-  357  >  but  if  the  plant  was  to  be  used  for  extensive  experiments,  it 
would  perhaps  be  advisable  to  determine  the  loss  of  energy  in  the  water 
and  the  corresponding  power  loss  between  the  condenser  inlet  and 
outlet.  In  this  case  the  water-column  gauge  described  on  p.  40  would 
be  found  suitable.  If  the  air  pumps  were  motor  driven,  the  power 
required  would  be  measured  by  means  of  the  ordinary  electrical  measur- 
ing instruments,  whilst  the  power  at  the  air-pump  cylinders  could  be 
obtained  in  the  ordinary  way  by  taking  indicator  diagrams,  and  noting 
the  speed  and  the  cylinder  or  barrel  dimensions.  In  all  condenser 
work  it  is  desirable  to  reduce  the  amount  of  air  entering  the  condenser 
to  the  lowest  possible  limits  as  the  air  may  adversely  influence  both  the 
vacuum  and  rate  of  condensation,  a  matter  of  extreme  importance  in 
steam  turbine  work.  This  is  further  considered  on  pp.  227-232. 

Factors  affecting  Rate  of  Condensation. — Until  within  recent  years, 
the  rational  design  of  surface  condensers  had  not  received  the  attention 
which  its  importance  demanded.  Both  theory  and  experiment  show 
that  a  temperature  difference  between  the  condensing  steam  and  the 
tube  surface  of  a  surface  condenser  is  necessary  to  overcome  the  surface 
resistance  to  the  flow  of  heat.  Similarly,  a  .temperature  difference 
between  the  other  surface  of  the  tube  and  the  cooling  or  circulating 
water  is  also  required  to  overcome  the  surface  heat  resistance  at  this 
side.  There  is  also  the  resistance  offered  to  the  flow  of  heat  by  the 
metal  of  the  tube,  but  this  is  usually  small  compared  to  the  above- 
mentioned  surface  resistances,  and  in  comparison  can  often  be  neglected. 
Given  the  temperature  conditions  on  the  two  sides  of  a  tube,  the  only 
practical  means  of  increasing  the  condensing  capacity  of  a  particular 
condenser  lies  in  the  reduction  of  the  surface  resistances  to  the  flow  of 
heat.  In  respect  to  the  water  side  of  the  tubes,  the  velocity  of  the 
water,  the  tube  diameter,  and  the  cleanness  of  the  tubes  are  important 
factors  influencing  the  surface  resistance  on  that  side.  The  greater  the 
water  velocity  and  the  smaller  the  diameter  of  the  tube,  the  lower  is 
the  heat  resistance  of  the  surface,  and  the  greater  the  heat-absorbing 
capacity  for  a  given  water  temperature. 

On  the  steam  side  of  the  tubes,  the  higher  the  velocity  of  the  steam 
relatively  to  the  tube  surface,  the  smaller  the  ratio  of  air  to  steam  in 
the  condenser ;  the  smaller  the  quantity  of  water  allowed  to  accumulate 
on  the  tube  surfaces,  and  the  cleaner  the  condition  of  the  tube  surface, 
the  lower  is  the  resistance  offered  to  the  heat-flow.  Therefore,  to  get 
the  most  out  of  a  surface  condenser,  the  circulating  water  should  have 
as  high  a  velocity  as  is  possible  consistent  with  practical  conditions  of 
water  supply  and  pumping  power ;  the  tube  surfaces  should  be  kept  free 
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from  accumulations  of  grease,  dirt,  or  salt  deposits ;  the  water  of  con- 
densation should  be  prevented  from  accumulating  on  the  tubes  and  from 
dripping  over  the  tubes  as  it  falls  to  the  bottom  of  the  condenser ;  and 
the  air  brought  into  the  condenser  with  the  steam  should  be  reduced  to 
the  lowest  possible  limits.  For  a  brief  account  of  the  theory  of  heat- 
flow  through  metal  surfaces,  refer  to  p.  237. 

Effect  of  Air  in  Condenser. — Although  the  exact  influence  of  air 
upon  the  rate  of  steam  condensation  has  not  been  thoroughly  estab- 
lished, there  is  little  doubt  but  that  an  increased  quantity  of  air  entering 
with  the  steam  adversely  affects  the  rate  of  heat  transmission  from  the 
steam  to  the  tube  surface  in  a  surface  condenser.1  This  means  that  with 
a  given  air-pump  capacity,  with  a  given  amount  of  steam  to  be  con- 
densed, and  with  a  given  inlet  circulating  water  temperature,  the  greater 
the  amount  of  air  entering  the  condenser,  the  less  would  be  the  vacuum, 
since  a  higher  temperature  difference  would  then  be  necessary  between 
the  steam  and  the  tube  surface. 

Air  in  Peed  Water. — It  is  well  known  that  under  ordinary  atmo- 
spheric conditions-  water  may  have  a  certain  amount  of  air  in  solution. 
According  to  Mr.  D.  B.  Morison,2  ordinary  fresh  feed  water  contains 
from  2  to  3^  volumes  of  air  per  100  volumes  of  water  at  ordinary 
atmospheric  temperature  and  pressure,  and  that  if  this  water  is  intro- 
duced into  a  condenser,  about  70  per  cent,  to  90  per  cent,  of  its  air  is 
immediately  given  off.  If  the  water  is  used  for  boiler  feed,  probably 
the  whole  of  the  air  comes  out  of  solution  and  passes  to  the  condenser 
with  the  exhaust  steam.  Mr.  Morison  also  states  that  with  an  efficient 
condenser  the  condensed  steam,  which  is  discharged  by  the  air  pump 
and  is  used  over  and  over  again  in  the  same  plant,  settles  down  to  a 
permanent  charge  of  about  2  volumes  of  air  at  atmospheric  pressure 
per  100  volumes  water,  most  of  which  comes  out  of  solution  in  the 
boiler  and  is  reabsorbed  in  the  condenser  and  as  the  water  passes 
through  the  air  pumps ;  air  is  also  absorbed  to  some  slight  extent  when 
the  water  comes  in  contact  with  the  atmosphere  before  feeding  into  the 
boiler.  Besides  this  dissolved  air  effect,  there  is  nearly  always  more  or 
less  air  leakage  into  the  system  at  all  parts  subjected  to  pressures  below 
the  atmosphere,  such  as  at  the  piston-rod  glands  on  the  low-pressure 
cylinder  of  a  reciprocating  engine,  and  at  the  various  exhaust  pipe 
joints,  especially  if  these  parts  are  not  kept  in  good  condition. 

It  is  evident  that  under  practical  conditions  the  ratio  of  the  weight 
of  air  to  the  weight  of  steam  is  quite  small  at  the  steam  inlet,  but  that 
the  ratio  increases  during  the  passage  through  the  condenser,  so  that  at 
the  air-pump  suction  the  ratio  of  the  air  to  the  contained  steam  or  water 
vapour  usually  has  a  comparatively  large  value.  The  influence  of  air 
upon  the  vacuum  and  temperature  in  a  condenser  is  well  illustrated  in 

1  The  results  of  a  series  of  experiments  on  the  influence  of  air,  made  on  a  small 
single-tube  surface  condenser,  are  given  in  a  paper  by  Mr.  J.  A.  Smith  on  "  Experi- 
ments  on    Surface    Condensation,"    Victorian   Inst.    of  Engs.,    Dec.    6,    1905,    or 
Engineering,  March  3,   1906.     He  found  that  air  had  a  considerable  influence  on 
the  rate  of  condensation. 

2  "The  Influence  of  Air  on  Vacuum  in  Surface  Condensers,"  Institution  of  Naval 
Architects,  1908. 
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Fig.  134,  which  is  reproduced  from  Mr.  Morison's  paper  referred  to  on 
p.  227.  The  ordinates  represent  the  volumes  of  i  Ib.  air  which  is 
saturated  with  water  vapour  at  various  temperatures  and  various  degrees 
of  vacuum  when  the  barometric  pressure  is  30  ins.  of  mercury.  The 
full  lines  represent  constant  vacuum,  whilst  'the  dotted  lines  refer  to 
constant  ratios  of  air-weight  to  the  weight  of  accompanying  water 
vapour.  Following  any  constant  vacuum  line,  it  is  seen  how  an  increase 
in  the  ratio  of  air  to  steam  as  the  steam  gradually  condenses  causes  a 
corresponding  reduction  of  the  temperature  of  the  mixture.  In  an 
ordinary  surface  condenser  there  is  usually  very  little  change  of  pressure 
as  the  steam  flows  through,  so  that  if  the  temperature  and  pressure  of 
the  air-steam  mixture  were  measured  at  various  points  through  the 
condenser,  the  actual  air  to  steam  ratio  at  these  points  would  be 
obtainable  from  the  diagram  (Fig.  134).  The  highest  dotted  line  in 
the  diagram  refers  to  the  volumes  and  temperatures  of  i  Ib.  saturated 
steam,  using  the  right-hand  scale  of  volumes,  but  there  is  no  relationship 
between  this  line  and  the  other  dotted  lines  in  the  diagram  except  that 
they  are  all  set  out  on  the  same  temperature  base. 

When  a  definite  weight  of  air  has  to  be  withdrawn  from  a  condenser 
per  unit  of  time,  it  is  evident  from  the  diagram  that  the  volume  taken 
into  the  air  pumps  at  condenser  pressure  per  pound  of  air  dealt  with, 
would  determine  to  some  extent  the  vacuum  in  the  condenser.  It 
will  thus  be  seen  by  inspection  of  the  diagram  that  when  the  amount  of 
air  to  be  dealt  with  is  comparatively  small,  that  is,  when  the  steam  is 
nearly  saturated  at  the  air-pump  suction,  an  increase  of  air-pump 
capacity  has  very  little  influence  on  the  vacuum,  but  that  as  the  ratio 
of  air  to  steam  increases  the  air-pump  capacity  has  an  increasing 
influence  over  the  vacuum. 

This  diagram  (Fig.  134)  is  based  upon  the  following  considerations. 
When  water  vapour  is  mixed  with  air  or  with  any  other  gas  or  gases,  the 
total  pressure  exerted  by  the  mixture  is  the  sum  of  the  pressures  of  the 
constituents  each  exerted  as  if  it  occupied  the  space  alone  and  as  if 
the  others  were  not  present.  The  pressure  due  to  any  constituent  of 
a  mixture  is  sometimes  called  its  partial  pressure.  The  partial  pressure 
of  water  vapour  or  steam  is  dependent  only  upon  its  temperature, 
whereas  the  partial  pressure  of  air  depends  upon  the  weight  of  air 
present  as  well  as  upon  the  temperature.  For  example,  at  100°  F.  the 
pressure  of  saturated  steam  or  water  vapour  is  0*94  Ib.  per  square  inch 
absolute.  If  the  actual  absolute  pressure  is  2  Ibs.  per  square  inch,  then 
the  partial  air  pressure  is  2  —  0-94  =  ro6  Ibs.  per  square  inch.  Now, 
referring  to  the  curve  for  saturated  steam,  it  is  seen  that  the  volume  of 
i  Ib.  steam  at  100°  F.  is  about  350  cubic  ft.,  which  must  also  represent 
the  volume  of  air  associated  with  it ;  and  as  the  volume  of  i  Ib.  air  at 
i*o6  X  144  Ibs.  per  square  foot  absolute  pressure  and  at  100°  F.  is 

V  =  -^ — —j  •-  —  I95  cubic  ft.,  then  the  weight  of  air  asso- 
ciated with  i  Ib.  steam  at  this  pressure  is  fff  =  1*79  Ibs.  Thus  the  ratio 
of  the  weight  of  air  to  that  of  the  steam  at  2  Ibs.  per  square  inch 
absolute  pressure  and  at  100°  F.  is  179. 


70°         80°         90°         100°        110°         120°         13O°        14O° 

Temperature,  degrees  Fahrenheit. 

FIG.  134.— Diagram  indicating  the  relation  between  vacuum,  ratio  of  air  to  water  vapour  by  weight, 
and  temperature,  w  ith  barometer  at  30  inches. 

From  Mr.  Morhons  paper  on  "  The  Influence  of  Air  on.  Vacuum  in  Surface  Condensers,"  by  permission  of  the 

Institution  of  Naval  Architects. 
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FiG.   135. — Weighton's  air  indicator  for  measure- 
ment of  air  withdrawn  from  condensers. 


Air  Indicators. — Professor  R.  L.  Weighton  has  introduced  a  ser- 
viceable indicator  for  measuring  the  amount  of  air  discharged  from  a 

condenser  by  the  air  pumps, 
one  form  of  which  is  repre- 
sented in  Fig.  135.  It  con- 
sists of  a  metal  cylinder,  B, 
and  a  glass  cylinder,  C,  fixed 
between  the  two  end  pieces 
or  covers  D  and  E.  A  series 
of  holes  are  bored  in  the 
cylinder  B,  either  in  rows 
as  shown  or  as  a  spiral 
round  the  cylinder,  and  a 
sufficient  quantity  of  water 
is  maintained  in  the  vessel 
to  cover  the  holes  when  no 
air  is  passing  through.  The 
air  discharged  by  the  air 
pumps  enters  the  indicator 
at  A  and  depresses  the  sur- 
face of  the  water  in  the  inner 
vessel  until  the  area  of  holes 
uncovered  is  sufficient  to 
allow  the  air  to  escape  to 

the  atmosphere  through  the  water  in  the  annular  space  as  fast  as  it 
comes  into  the  indicator.  The  number  of  holes  uncovered  is  then  a 
measure  of  the  amount  of  air  discharged,  and,  if  desired,  the  instrument 
can  be  calibrated  by  sending  air  through  at  known  rates  and  noting 
the  number  of  holes  uncovered.  Another  form  of  the  Weighton  air 
indicator  has  the  vessel  B  arranged  as  a  floating  bell,  and  the  air  enters 
the  bell  from  the  bottom.  In  this  arrangement  the  greater  the  amount 
of  air  passing  through,  the  higher  does  the  bell  float  in  the  water  so  as 

to  uncover  the  necessary  number  of 
holes,  and  a  scale  attached  to  the 
bell  indicates  the  amount  of  air  being 
discharged.  In  practice  the  air  indi- 
cator has  proved  to  be  very  service- 
able as  a  means  of  inducing  engineers- 
in-charge  to  reduce  air  leakage  to  the 
lowest  possible  limits,  and  it  also  im- 
mediately indicates  any  sudden  or 
abnormal  air  leakage,  which  is  then 
likely  to  receive  immediate  attention. 
The  connections  for  the  ordinary  types 
of  air  pumps  are  evident  from  the 
illustration  (Fig.  136). 

An  approximate  estimate  of  the 
air  discharge  can  be  made  from  a  consideration  of  the  mean  air-pump 
indicator  diagram  taken  during  a  test.  As  an  example  consider  the 


Water  _ 

\s  charge 


FIG.  136. — Arrangement  of  Weighton's 
air  indicator. 
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diagram   shown   in   Fig.    137,    which   was    taken    from    an    Edwards 
wet   air   pump   when    there   happened   to   be   a   fairly   large   leakage 


Atmos.  Line 


FIG.  137. — Indicator  diagram  from  Edwards  air  pump. 

of  air  into  the  condenser.  The  line  AL  represents  the  atmospheric 
pressure,  the  ends  A  and  L  corresponding  to  the  top  and  bottom 
position  of  the  pump  piston  respectively.  At  the  beginning  of  the 
down  stroke  there  is  always  a  certain  amount  of  air  mixed  with  and 
also  in  solution  with  the  water  remaining  in  the  barrel  on  the  top  of 
the  piston.  This  air  re-expands  along  the  line  BD  on  the  down  stroke, 
and  also  some  re-evaporation  of  water  to  steam  would  take  place  if 
the  absolute  pressure  became  reduced  to  that  of  saturated  steam  at 
the  temperature  of  the  water.  In  this  type  of  pump  the  piston  uncovers 
ports  in  the  barrel  at  the  point  D,  and  the  air  and  water  vapour  from 
the  condenser  rush  into  the  cylinder  barrel  on  the  top  side  of  the 
piston,  the  pressure  rising  rapidly  to  that  in  the  condenser  and  repre- 
sented by  the  pressure  at  E.  On  the  return  stroke  from  E  the 
pressure  remains  practically  constant  until  the  barrel  ports  are  again 
covered  by  the  piston,  after  which  the  trapped  air  and  vapour  are 
compressed  and  finally  ejected  through  the  delivery  valves  when  the 
pressure  becomes  slightly  greater  than  that  of  the  atmosphere.  In 
this  particular  example  the  air  at  discharge  had  to  rise  through  2  or 
3  ft.  head  of  water,  so  that  the  discharge  pressure  is  correspondingly 
higher  than  the  atmospheric  pressure.  It  is  evident  that  the  length 
A  to  L  on  the  diagram  represents  the  gross  stroke  of  the  air  pump 
piston  to  some  scale,  and  to  the  same  scale  the  distance  CB  on  the 
atmospheric  line  represents  the  volume  discharged  at  atmospheric 
pressure,  including  the  air,  the  water  vapour,  and  the  condensed  steam 
in  the  case  of  wet  air  pumps. 

Let  A  =  area  of  pump  barrel,  square  feet. 
L  =  gross  length  of  stroke,  feet. 

/  =        „          „       indicator  diagram,  AL. 

c  —  length  CB  on  the  diagram. 
N  =  number  of  discharge  strokes  per  minute. 

/  =  temperature  of  air  discharge,  °  F. 

W  =  weight  of  condensed  steam  discharged  per  minute,  Ibs. 
Then- 
Volume  equivalent  to  CB  =  -  x  A  x  L  cubic  ft. 

and 

Total  volume  of  air  and  water  dis-j       c 

charged   per  minute,   referred   to[=^xAxLxN  cubic  ft. 
atmospheric  pressure  ) 
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W 
The  approximate  volume  of  water  discharged  would  be  7—  cub.  ft. 

per  minute. 

Assuming  that  the  air  is  practically  saturated  with  water  vapour 
at  the  point  C,  and  that  the  temperature  at  C  is  the  same  as  that  at 
discharge  (which  assumptions  may  not  be  quite  correct),  the  weight  of 
water  vapour  discharged  can  be  obtained  on  referring  to  steam  tables 
for  the  volume  of  i  Ib.  steam  at  temperature  /.  As  an  example, 
suppose  the  temperature  /  at  discharge  is  100°  F.  Referring  to 
the  diagram  Fig.  134,  the  volume  of  i  Ib.  saturated  steam  at  this 
temperature  is  350  cubic  feet.  Therefore  under  these  conditions  the 
weight  of  vapour  discharged  by  a  dry  air  pump  would  be  approximately 

<rALN  „ 

Ibs.  per  minute. 


The  pressure  of  the  vapour  at  100°  F.  is  0-94  Ib.  per  square  inch 
(see  table,  p.  378).  If  the  atmospheric  pressure  was  147  Ibs.  per  square 
inch,  it  would  follow  that  the  partial  pressure  of  the  air  at  the  point  C 
would  be  approximately  147  —  0-94  =  13-8  Ibs.  per  square  inch.  The 
volume  of  i  Ib.  air  at  this  pressure  and  at  100°  F.  would  be 

V  =  —  --  5  -  —  -  —  -  =15  cubic  ft.,  and  therefore  the  total  weight  of 
130  X  144 

air  discharge  would  be   -  j-  Ibs.  per  minute.     Neglecting  the  water 

vapour  carried  away  by  the  air,  the  approximate  ratio  of  the  weight  of 
air  to  weight  of  steam  at  the  condenser  inlet  would  be  represented  by 
<rALN 
I5/W' 

The  air-pump  indicated  horse-power  would  be  calculated  in  the 
ordinary  way  from  the  average  mean  effective  pressure  of  the  diagrams 
and  the  pump  dimensions. 

The  Independent  Variable  Conditions  in  Condenser  Tests.  —  As 
mentioned  on  p.  220,  ordinary  condenser  tests  are  mostly  concerned 
with  the  rate  of  condensation  and  the  vacuum  obtained  under  particular 
conditions  ;  but  if  it  were  desired  to  make  an  extensive  series  of 
experiments  to  ascertain  the  effect  of  the  possible  variable  conditions 
on  the  performance  of  a  condenser,  some  system  of  selection  of  the 
variables  is  essential. 

Referring  to  p.  220,  it  would  appear  that  there  are  about  seven 
possible  independent  variable  conditions,  and  if  an  extensive  series  of 
tests  were  indiscriminately  attempted  without  regard  to  the  number  of 
conditions  varied  at  the  same  time,  it  is  evident  that  the  results  might 
be  hopelessly  confused.  If  it  were  intended  to  use  steam  of  constant 
quality  at  the  condenser  inlet,  the  first  three  conditions  mentioned 
on  p.  220  might  be  reduced  to  a  single  independent  condition,  viz. 
the  average  temperature  difference  between  the  steam  and  the  cooling 
water,  assuming  that,  within  limits,  the  pressure  or  density  of  the  steam 
as  distinct  from  temperature  has  but  little  influence  on  the  rate  of  heat 
transmission  ;  but,  as  it  is  somewhat  difficult  to  arrange  for  a  constant 
mean  temperature  difference  between  the  steam  and  the  cooling  water 
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when  the  water  velocity  is  varied,  it  is  more  usual  to  maintain  the 
steam  temperature  at  some  prearranged  value  irrespective  of  the  mean 
temperature  of  the  cooling  water.  The  vacuum  would  be  mainly 
determined  by  the  steam  temperature  at  the  condenser  inlet,  and  thus 
the  speed  of  the  air  pump  could  be  varied  to  suit  the  vacuum  required. 
If  the  dimensions  and  arrangement  of  the  condenser  were  intended  to 
be  the  same  throughout  a  series  of  tests,  only  four  independent  variables 
would  now  be  left,  viz.  the  combination  of  the  first  three  conditions 
as  previously  mentioned,  and  the  fourth,  fifth,  and  sixth  (p.  220).  Now, 
the  rate  of  heat  transmission  primarily  depends  upon  the  three  or  four 
independent  conditions  just  referred  to,  and  the  law  of  influence  for 
each  of  these  could  be  determined  by  varying  one  condition  only  at  a 
time,  and  taking  each  condition  in  turn. 

To  illustrate  the  influence  of  the  velocity  of  the  circulating  water 
and  the  effect  of  careful  condenser  design,  the  results  of  two  tests  on 
surface  condensers  have  been  copied  from  Professor  Weighton's  paper  on 
"  The  Efficiency  of  Surface  Condensers." l  The  first  test  (p.  234)  refers 
to  an  ordinary  type  of  surface  condenser,  whilst  the  second  was  obtained 
from  a  special  "  Contraflo "  surface  condenser  using  departmental 
drainage  of  the  condensed  steam  and  a  high  velocity  of  the  circulating 
water.  Both  tests  represent  about  the  maximum  rates  of  condensation 
obtained  for  the  two  types  of  condensers. 

In  explanation  of  these  results,  it  may  be  said  that  when  a  series 
of  condenser  tests  under  various  conditions  have  to  be  dealt  with,  it  is 
generally  convenient  to  reduce  the  vacuum  to  the  standard  barometric 
pressure  of  30  ins.  of  mercury.  This  is  done  by  subtracting  from 
or  adding  to  the  actual  vacuum  the  difference  between  the  actual 
barometric  pressure  and  30  ins.  A  common  practice  in  comparing 
the  performance  of  condensers  is  to  calculate  the  pounds  of  steam 
condensed  per  hour  per  square  foot  of  cooling  surface,  but  it  is  evident 
that  this  value  would  vary  according  to  the  heat  contents  in  the  steam. 
For  the  purpose  of  his  tests  Professor  Weighton  adopted  a  constant 
of  1070  B.Th.U.,  and  used  this  constant  to  reduce  the  actual  weight 
of  condensed  steam  to  standard  conditions  by  multiplying  by  the 
ratio — 

Heat  in  each  pound  steam  entering  condenser  above  hot-well  water  temperature 

1070 

There  is  no  uniform  method  of  stating  the  efficiency  of  a  condenser, 

but  the  higher  the  ratios  —  and  —  the  more  effective  is  the  condenser. 
/v         /v 

1  Institution  of  Naval  Architects,  1906. 
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I. — Old  type  of  condenser;   surface,   170  sq.  ft.;   water,  2  turns;   effective  tube 

length,  8  ft. ;  ordinary  air  pump. 
IF. — New  type  of  condenser;    surface,  62  sq.  ft.;  water,  4  turns;   effective  tube 

length,  10  ft.  ;  ordinary  air  pump. 


Type  of  condenser  (see  above)      .                 

I. 

II. 

Barometric  pressure,  inches  mercury  

3O"O7 

2Q*O"i 

/  Top  of  condenser,  Vg     

26*27 

27*1 

Bottom  of  condenser   V?, 

26-18 

27*1 

r,,,v,«       J  T°P  °f  condenser  reduced  to   30   ins.   baro- 
mcnes       (       me{e^  y     

26*2 

28*05 

ury'        Corresponding   to   temperature   at    top   con- 
V      denser,  Vr  .                  

25*72 

27*62 

f  Corresponding   to   absolute   pressure   at    top 
condenser,  t\ 

i2r8 

lOO'd 

Tempera-     /  Hot  well,  /H  •      •      •            •            .... 

I24"2 

IOI"? 

^h,        C°ndenSer  ib°oPt^  V,  

128 

107-5 

IQ-l 

Condensing  (inlet,  ti       .      

5° 

41*3 

\     water        \outlet,  /0    

84-8 

77*2 

Cond  ns-      1  Velocity  through  tubes,  feet  per  second    . 
in?  water    1  Pressure  at  inlet>  pounds  per  square  inch  .      . 
r'    1  Quantity,  pounds  per  hour  

I'02 
57,66$ 

4'63 
4*0 
57,404 

Condensed  (  Measured 

2,12^ 

2  2IO 

steam.       \  Reduced,           ,,         ,,                            ... 

2,O76 

2,2O8 

Pounds  water  per  pound  reduced  condensed  steam  . 
Pounds  steam  (reduced)  condensed  per  hour  per  square  foot 
condensing  surface 

27-78 

12*21 

26*04 

-?c'6i 

V 

I'OIQ 

1*016 

Ratio,  'H 

I'OO"? 

1'ooq 

•   'v 

Ratio,  -  . 

0-685 

0*769 

t\ 

To  illustrate  further  the  influence  of  the  water  velocity  on  the  rate 
of  heat  flow  in  surface  condensers,  and  also  to  get  some  measure  of  the 
effect  of  the  accumulation  of  air  and  condensed  steam  on  the  steam 
side  of  the  tubes,  the  author  made  a  series  of  simple  experiments  on  a 
small  condenser  at  the  Glasgow  and  West  of  Scotland  Technical  College. 
The  condenser  consisted  of  two  brass  tubes  if  in.  and  if  in.  internal 
diameter,  one  inside  the  other,  thus  leaving  an  annular  space  about  y£  in. 
wide  between  the  tubes.  The  total  condensing  surface  of  the  tubes  was 
2-5  sq.  ft.,  and  the  length  of  water  path  between  the  tubes  about  3-1  ft. 
The  steam  was  taken  from  a  steam  pipe  and  passed  through  the  inner 
tube  and  then  to  -the  outside  of  the  outer  tube,  whilst  the  cooling  water, 
which  was  taken  from  the  town's  main,  passed  through  the  annular 
space  between  the  two  tubes.  The  inlet  and  outlet  temperatures  of 
the  steam  and  cooling  water  were  measured  by  mercury  thermometers 
placed  in  deep  pockets,  and  the  cooling  water  was  weighed  in  two 
tanks  on  weighing  machines,  the  inlet  temperature  varying  in  different 
tests  from  about  49°  F.  to  59°  F.  In  all  these  tests  the  steam  was 
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condensed  at  atmospheric  pressure,  that  is,  at  about  212°  F.,  and  in 
most  cases  the  steam  was  slightly  superheated  at  the  condenser  inlet. 
The  final  results  are  shown  in  Fig.  138.  It  will  be  seen  that  the 


maximum  rate  of  heat-flow  is  very  much  greater  than  that  obtained  in 
ordinary  surface  condensers,1  and  depends  largely  upon  the  velocity  of 
the  cooling  or  circulating  water  as  well  as  upon  the  temperature  of  the 

1  In  estimating  the  heat-flow  per  square  foot,  the  small  area  of  a  cast-iron  box  at 
one  end  of  the  tubes  was  neglected.  The  error  due  to  this  is  not  likely  to  be  greater 
than  one  per  cent. 
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condensed  steam  at  the  outlet,  this  temperature  being  regulated  by  the 
inlet  steam  valve.  By  increasing  the  opening  of  the  steam  valve  the  out- 
let temperature  of  the  condensed  steam  could  thereby  be  raised. 
The  results  suggest  that  the  higher  the  velocity  of  the  steam  the  more 
effective  it  is  in  sweeping  the  air  and  condensed  steam  off  the  walls. 

In  these  condenser  experiments  the  difference  of  pressure  between 
the  inlet  and  the  outlet  cooling  water  was  also  measured  by  the  methods 
described  in  connection  with  Fig.  30  and  Fig.  31.  The  water  column 
(Fig.  30)  was  used  for  small  rates  of  flow,  and  the  mercury  column 
(Fig.  31)  for  pressure  differences  greater  than  could  be  measured  on  the 
water  column.  Expressing  the  pressure  difference  P  in  feet  of  water, 
and  the  velocity  of  the  water  V  in  feet  per  second,  it  was  found  that  for 
velocities  higher  than  about  i  ft.  per  second,  P  =  0*2 69V18  in  this 
condenser.  Previous  experiments  made  with  water  velocities  below  i  ft. 
per  second  show  that  for  low  velocities  no  definite  law  connects  P  and 
V  owing  to  instability  in  the  neighbourhood  of  the  critical  velocity. 
When  dealing  with  the  flow  of  water  under  constant  temperature  con- 
ditions the  critical  velocity  is  usually  well  defined,  but  in  the  condenser 
experiments  the  temperature  of  the  water  introduced  a  disturbing  factor. 
Under  ordinary  working  conditions  the  velocity  of  the  circulating  water 
through  the  tubes  of  a  surface  condenser  is  well  above  the  critical 
velocity,  so  that  it  is  hardly  necessary  to  discuss  here  any  farther  the 
conditions  obtaining  below  the  critical  velocity. 

The  pressure  difference,  when  expressed  in  feet  of  water,  represents 
the  number  of  foot-pounds  of  work  which  has  to  be  done  on  each 
pound  of  water  in  forcing  the  water  through  the  tubes.  Thus  the  foot- 
pounds of  work  done  on  the  cooling  water  per  unit  of  time  is  given  by 
P  X  pounds  water  flowing  per  unit  time.  Fig.  139  shows  how  the 
ratio  Heat  to  cooling  water,  B.Th.U.  per  sq.  ft.  per  hour  yaries  ^.^ 

Work  done  on  cooling  water,  ft.-lbs.  per  hour 

increase  of  water  velocity.  It  will  be  noticed  that  at  low  velocities 
the  ratio  decreases  very  rapidly,  but  at  high  velocities  tends  towards  a 
constant  value  for  each  particular  outlet  temperature  of  the  condensed 
steam. 

Theory  of  Heat  Transmission. — The  heat  which  is  generated  by 
the  combustion  of  fuel  in  a  boiler  furnace  is  transmitted  to  the  water 
in  the  boiler  by  reason  of  the  difference  of  temperature  between  the 
fuel  or  gases  and  the  water.  This  heat  has  to  pass  from  the  hot  gases 
and  hot  fuel  to  the  surface  of  the  furnace  plate  or  tubes,  then  through 
the  plate  itself,  and  finally  from  the  other  plate  surface  to  the  water. 

Consider  first  the  transmission  of  the  heat  to  the  plate  surface. 
This  occurs  according  to  three  distinct  methods,  viz.  Heat  trans- 
mission by  radiation,  by  conduction,  and  by  convection,  all  of  which 
occur  to  a  greater  or  less  degree  at  the  same  time.  The  term  "  radiant 
heat "  or  "  thermal  radiation  "  is  applied  to  those  non-luminous  ether 
waves  which,  when  absorbed  by  a  body,  raise  the  temperature  of  the 
latter.  For  example,  the  radiant  heat  from  the  sun  is  transmitted  through 
space  by  the  intervening  medium,  and  some  of  this  heat  is  absorbed  by 
the  earth.  Various  experimenters  have  proposed  formulae  to  express 
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the  laws  governing  the  absorption  and  emission  of  radiant  heat,  but 
Stefan's  law  seems  to  receive  the  greatest  measure  of  support,  and  states 
that  the  heat  radiation  of  a  black  l  body  is  proportional  to  the  fourth 
power  of  the  absolute  temperature.  Thus,  if  a  black  body  at  tempera- 
ture T°  F.  absolute  is  surrounded  by  a  black  envelope  having  a  tem- 
perature T2°  F.  absolute,  the  net  rate  of  heat  loss  by  radiation  per  square 
foot  of  the  body's  surface  is,  according  to  Poynting's  "  Heat,"  expressed 
by  16  x  io-10(n4  -  r24)  B.Th.U.  per  hour. 

It  is  well  known  that  heat  radiations  can  pass  through  air  without 
the  air  absorbing  much  of  the  heat,  and  conversely,  air  at  a  high  tem- 
perature radiates  comparatively  little  heat.  Since  ordinary  furnace  gas 
is  mostly  nitrogen,  it  might  at  first  be  supposed  that  the  gases  would 
radiate  very  little  heat  to  the  plates,  and  would  absorb  very  little  of  the 
heat  which  was  radiated  by  the  hot  fuel  on  the  grate,  but,  owing  to  the 
carbon  dioxide,  water-vapour,  etc.,  in  the  gases  and  the  particles  of 
carbon  which  the  actual  gases  contain,  the  radiating  power  of  the  gas 
is  somewhat  increased  over  that  of  air  at  the  same  temperature,  though 
probably  still  much  below  the  radiating  power  of  a  black  body.2  At  the 
same  time,  such  gas  has  its  power  of  absorbing  radiant  heat  increased 
over  that  of  air  at  the  same  temperature.  It  is  probable,  however,  that 
the  hot  surface  of  coal  fuel  on  a  grate  radiates  heat  almost  like  a  black 
body,  and  since  this  heat  has  to  pass  the  gas  to  get  to  the  plate  surface, 
it  is  a  matter  of  much  doubt  as  to  whether  the  hot  gas  helps  or  retards 
the  flow  of  radiant  heat  from  the  hot  fuel. 

In  the  present  state  of  knowledge  regarding  the  radiating  capacity 
inside  a  boiler  furnace,  it  is  hardly  advisable  to  attempt  to  make  precise 
calculations  as  to  the  amount  of  heat  which  is  transferred  to  the  furnace 
plates  by  radiation  as  distinct  from  that  transferred  by  conduction  and 
convection. 

Transmission  of  Heat  by  Conduction  and  Convection.— From  what 
has  been  said  it  will  be  realized  that  in  all  probability  radiant  heat  plays 
only  a  comparatively  small  part  after  the  gases  leave  the  neighbour- 
hood of  the  furnace.  The  heat  transference  then  takes  place  principally 

1  Kirchhoff  defines  a  black  body  as  one  which  is  not  in  the  least  transparent,  and 
which  does  not  reflect  at  all,  but  absorbs  all  incident  radiation  at  every  temperature. 

2  In  a  paper  read  before  the  Royal    Society  (Proc.  Sec.  A,  vol.  Ixxxiv.,   1910, 
?•  l$5)>  °n  "  Radiation  in  a  Gaseous  Explosion,"  Professor  B.  Hopkinson  gives  some 
results  of  experiments  made  on  a  cast-iron  explosion  vessel  of  30  cms.  diameter  and 
30  cms.  long.     It  was  found  that  when  the  inside  walls  were  coated  with  lampblack, 
about  one-third  of  the  total  heat  loss  to  the  walls  was  due  to  radiation  up  to  one-tenth 
of  a  second  after  maximum  pressure  was  attained,  when  the  temperature  was  2100°  C. 
and  fell  to   1200°  C.     Of  the  total  heat  given  to  the  walls  in  cooling  an  exploded 
charge  to  atmospheric  temperature,  at  least  one-fifth  was  radiated  to  the  black  walls. 
By  silvering  the  inside  of  the  vessel  the  radiation  loss  to  the  walls  was  considerably 
reduced  as  compared  with  black  walls.     These  results  are  contrary  to  what  has  been 
sometimes  assumed,  but  are  what  might  be  expected  from  the  results  of  other  experi- 
menters on  the  radiating  power  of  carbon  dioxide  and  water  vapour.      Professor 
Callendar  (Brit.  Assoc.,  1910)  found  that  the  radiation  loss  from  a  large  Bunsen  non- 
luminous  flame  amounted  to  something  like  15  per  cent,  of  the  total  heat  developed, 
and  he  also  found  that  such  flames  were  partially  transparent  to  their  own  type  of 
radiations,  and  did  not  absorb  the  whole  of  such  radiations  as  has  been  commonly 
assumed. 
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by  conduction  and  convection  of  the  gases.  It  is  well  known  that 
the  conduction  of  gases  is  comparatively  small,  and  alone  could  not 
account  for  the  rates  of  heat-flow  which  take  place  through  boiler  tubes ; 
therefore  natural  diffusion  and  convection  must  play  an  important  part. 
Professor  Osborne  Reynolds l  seems  to  have  been  the  first  to  realize 
fully  the  importance  of  convection  and  diffusion  in  their  influence  on 
heat  transmission,  and  he  proposed  a  law  which  recent  experiments, 
made  under  various  conditions  and  with  different  fluids,  seems  to  prove 
to  be  practically  true  under  widely  varying  circumstances.  This  law  is 
as  follows  : — 

H  =  (A  +  Bpz/XT  -  0) 

-0) (i) 


where  H  =  heat-flow  per  unit  area  of  tube  surface  per  unit  of  time. 

A  =  constant,  which  depends  somewhat  upon  the  character 
and  condition  of  the  surface,  and  also  upon  the  tempera- 
ture conditions. 

B  =  a  constant  for  given  temperature  conditions,  increasing 
somewhat  with  increase  of  the  temperatures  of  the  gas 
and  surface,  but  which  varies  with  the  character  of  the 
fluid  and  condition  of  surface,  and  with  the  dimensions 
of  the  tube. 
p  =  density  of  fluid. 

v  =  mean  velocity  of  fluid  relatively  to  tube  surface. 
w  =  weight  flow  per  unit  of  time. 
a  =  area  of  section  of  flow. 

w 

(*=a- 

T  =  temperature  of  body  of  fluid. 
0  =  temperature  of  tube  surface  in  contact  with  fluid. 
This  law  refers  to  velocities  above  the  critical  velocity — that  is,  up 
to  the  critical  velocity  the  fluid  would  flow  in  nearly  straight  stream 
lines,  and  the  heat  transference  would  then  depend  principally  upon 
conduction  and  natural  diffusion,  and  would  be  comparatively  small ; 
whereas,  above  the  critical  velocity,  whirling  or  eddying  motion  takes 
place  in  the  fluid  and  convective  action  occurs,  with  a  consequently 
greater  rate  of  heat  exchange  between  the  fluid  and  the  tube  surface. 
In  all  practical  cases  with  ordinary  boilers  working  at  the  normal  rate, 
the  gas  velocity  is  well  above  the  critical  point,  so  that  these  conditions 
need  only  be  considered. 

Experiments  made  by  Professor  J.  T.  Nicolson2  show  that  the 
Reynolds  law  holds  within  the  range  of  his  tests  for  the  flow  of  heat 
from  superheated  steam,  air,  and  for  water  at  high  velocities,  and  he  also 
produced  evidence  to  show  that  the  law  also  applies  to  boiler  conditions. 

1  Manchester  Literary  and  Philosophical  Society,   1874  ;  or  see  p.  594  of  1904 
edition  of  Perry's  "Steam  Engine." 

2  Junior  Institution  of  Engineers,  1908,  or  Engineering,  February  5  and  12,  1909  ; 
also  Inst.  of  Engs.  and  Shipbds.  in  Scotland,  December  20,  1910,  "  Boiler  Economics 
and  the  Use  of  High  Gas  Speeds." 
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A  striking  series  of  tests  are  also  reported  by  Mr.  Michael  Longridge  l 
which  were  made  on  an  experimental  boiler  designed  by  Professor 
Nicolson.  Very  high  gas  velocities  were  used  under  induced  draught, 
which  produced  correspondingly  high  rates  of  heat  transmission,  some- 
thing like  40,000  B.Th.U.  per  square  foot  of  heating  surface  per  hour 
being  transmitted  through  some  portions  of  the  heating  surface  which 
were  not  exposed  to  the  radiant  heat  from  the  fuel  on  the  grate.  Further, 
by  introducing  a  special  high  gas-speed  economiser  the  flue  gases  were 
cooled  down  to  temperatures  varying  from  241°  F.  to  294°  F. 

Further  experiments  made  by  Mr.  H.  P.  Jordan  at  the  Manchester 
School  of  Technology2  gave  the  following  results  for  air  and  clean 
copper  tubes.  The  average  temperature  of  the  metal  was  also  directly 
measured  by  means  of  thermo-junctions  (see  p.  73). 

In  these  experiments — 

A  =  o'ooi5. 

(T  -J-  f)\ 
0*000506  —  0*00045^  4-  0*00000165  —        J 

Thus— 

H=  •!o'ooi5-f-(  0*000506  — o'ooo45^+o'oooooi65—    —  J— HT  —  0)  (2) 

H=heat  transmitted  from  air  to  metal,  B.Th.U.  per  square  foot 
per  second. 

area  of  flow  of  tube  or  channel  .     , 
a  =  —  — ,  inches, 

perimeter  of  tube  or  channel 

T  =  mean  air  temperature,  °  F. 

0  =  mean  wall  surface  temperature,  °  F. 

w  =  pounds  of  air  flowing  through  tube  per  second. 

a  =  area  of  air  passage  through  tube,  square  feet. 

A  reference  to  Fig.  140,  p.  244,  shows  that  with  clean  boiler  tubes  and 
under  ordinary  high  temperature  conditions  no  appreciable  error  would 
be  involved  by  taking  0  equal  to  the  temperature  of  the  water  in  contact 
with  the  plate,  though  the  absolute  values  for  actual  boiler  conditions 
may  differ  somewhat  from  those  just  given.  There  is,  however,  every 
reason  to  believe  that  the  above  expression  represents  a  general  law, 
except  that  with  high  flue-gas  temperatures,  radiation  may  play  some 
part  in  the  heat  transmission. 

Although  the  influence  of  the  heat  resistance  at  the  water  side  of 
a  clean  boiler  tube  is  not  of  much  importance  so  far  as  regards  the  rate 
of  heat-flow  under  working  conditions  (see  Fig.  140,  p.  244),  it  is  interest- 
ing to  note  that  Reynolds'  law  for  heat-flow  also  applies  to  the  conditions 
on  the  water  side  of  a  tube.  The  results  of  a  series  of  experiments 
are  given  in  a  paper  by  Messrs.  Clement  and  Garland 3  on* "  A  Study 
in  Heat  Transmission."  In  these  experiments  water  was  allowed  to 

1  British  Engine,  Boiler,  and  Electrical  Insurance  Co.,  Chief  Engineer's  Report 
for  1909. 

8  Inst.  of  Meek.  Eng.,  1909,  p.  1317. 

3  Bulletin,  No.  40,  University  of  Illinois  Engineering  Experimental  Station, 
September,  1909. 
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flow  through  a  cold-drawn  steel  tube  of  0-985  in.  bore,  the  outside 
diameter  being  1*253  in.,  and  the  outside  surface  of  the  tube  was 
in  contact  with  steam.  The  temperature  of  the  steam  side  of  the  tube 
was  obtained  at  two  points  by  means  of  copper-constantan  thermo- 
couples and  a  Siemens  and  Halske  millivoltmeter.  The  ends  of  the 
couples  were  soldered  into  small  holes  about  ~  in.  diameter  and  about 
e^  in.  deep,  which  were  drilled  in  the  tube.  The  leads  were  conducted 
through  small  glass  tubing  to  special  flanges  on  the  external  cast-iron 
cylinder  and  then  between  two  rubber  gaskets  placed  between  the  flanges. 
Some  representative  results  obtained  are  given  in  the  accompanying 
table.  It  will  be  noticed  that  the  average  temperature  difference 
between  the  tube  and  the  water  and  the  rate  of  heat-flow  per  square 
foot  were  much  higher  than  the  average  values  which  occur  under 
ordinary  boiler  conditions.  The  results  obtained  for  the  heat-flow  per 
square  foot  per  second  per  degree  Fahr.  difference  of  temperature 
between  the  tube  surface  and  the  water  could  be  expressed  by  the 

Reynolds  law,  A  +  B/3Z»  =  A  -f  B  .  — .  (see  p.  239  for  units).    The  values 

of  A  and  Bp  deduced  by  the  author  are  given  in  the  table,  and  it  will 
be  seen  that  these  values  decrease  somewhat  with  a  decrease  of  the 

T  -4-  f) 
mean  of  the  temperatures  of  the  tube  surface  and  the  water;  — ^ — -> 

though  this  mean  temperature  had  a  considerable  variation  under  the 
same  steam  temperature  conditions,  and  may  have  thus  modified  the 
values  of  A  and  B.1 


Results  with  lowest  water  velocity 

Results 

with  highest  water  velocity 

used 

used. 

Steam  temperature! 

211 

274 

307 

330 

211 

274 

307 

330 

Mean  temperature) 
of  tube  on  water  [ 

201 

224 

232 

234 

102-5 

I46 

176 

165 

sidej  02°  F.     .     ) 

Mean   temperature) 
of  water,  T2°  F.  j 

II7-8 

"4 

107         1  10'2 

61-8 

65-9 

76-3 

69-0 

2              •       •      •      . 

159 

169 

170 

172 

82 

1  06 

126 

117 

Weight   of  water-) 
flow,  Ibs.  per  sec./ 

0-119 

0-47 

0-7I 

075 

5'3 

5'53 

5-81 

5-64 

Velocity  of  water,  j 
ft.  per  sec.     .     J 

o'37 

i-45 

2-I9 

2-31 

16-07 

1678 

17-64 

17-13 

Heat-flow,B.Th.U.j 
persq.  ft.  perhr.j 

25,500 

82,000  125 

,000  142 

,000 

96,900 

152,000 

189,000 

240,000 

Value  of  A)  units  on 

0-063 

0-185 

0-23 

0-255 

„      Epf  p.  239. 

0^0062 

0-021 

O'O2 

0-0255 

Steam  temperature) 

0  F.       .     .     .     .     / 

211 

274 

307 

330 

1  It  perhaps  requires  to  be  mentioned  that  the  various  values  of  A  and  B,  which 
are  given  as  referring  to  the  water  side  of  a  tube,  do  not  necessarily  apply  to  a  mixture 
of  water  and  steam. 
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The  Reynolds  law  [H  =  (A  -f  Bpz/)(T  —  0)]  was  also  confirmed  by 
Dr.  T.  E.  Stanton L  for  the  case  of  water  flowing  through  a  tube. 
Taking  into  account  the  dimensions  of  the  tube  and  the  effect  of  the 
viscosity  and  conductivity  of  water,  the  final  result  of  the  above  law 
can  be  expressed  by  the  following  equation,  assuming  that  the  increase 
of  temperature  of  the  water  from  one  end  of  the  tube  to  the  other  is 
not  greater  than  that  usually  existing  in  condenser  practice  : — 


KL  =  i 

* 


L  =  length  of  tube,  feet. 

d  =.  inside  diameter  of  tube,  feet. 

v  =  velocity  of  water  through  tube,  ft.  per  sec. 

02  =  mean  temperature  of  tube  surface  in  contact  with  the  water,  °  F. 
/!  =  initial  temperature  of  the  water  at  entrance,  °  F. 

t2  =  final  temperature  of  the  water  at  exit,  °  F. 

tm  =  mean  temperature  of  the  water,  °  F. 

K,  n,  and  a  are  constants  which  depend  upon  the  character  and 
condition  of  the  metal  surface  in  contact  with  the  water,  the  values  for 
smooth  brass  pipes  being  K  =  0*0105,  n  =  i'86,  a  =  0*004. 

In  ordinary  surface  condensers  the  temperature  of  the  steam  surface 
of  the  tube  01  is  nearly  the  same  as  that  at  the  water  surface  of  the 
tube  02.  If  the  values  of  flf  4  v,  d>  and  L  are  given,  the  value  of  02  can 
be  estimated  by  trial  from  equation  3,  provided  the  constants  are  also 
known ;  and  this  value  for  02  could  be  taken  to  represent  the  mean 
temperature  on  the  steam  surface  of  the  tube  without  introducing 
sensible  error,  or,  knowing  the  rate  of  heat  flow,  the  difference  of  tem- 
perature (0!  -  02)  could  be  calculated  as  explained  on  p.  243.  Calculat- 
ing in  this  manner,  Dr.  Stanton 2  has  also  shown  that  in  ordinary  surface 
condensers  the  relation  between  the  steam  temperature  T,  and  the  tube 
surface  temperature  0X  could  be  expressed  by  T,  =  m01  +  c. 

If  the  temperatures  are  taken  in  degrees  Fahr.,  the  value  of  /// 
obtained  is  0*782  ;  the  value  of  c  depends  upon  the  speed  of  the  air 
pump  and  upon  the  quantity  of  steam  condensed,  having  a  value  46*5 
for  the  particular  condenser  tested  when  condensing  steam  at  the  rate 
of  about  9*7  Ibs.  of  steam  per  hour  per  square  foot  of  cooling  surface. 
It  was  also  shown  that  the  value  of  m  depends  somewhat  upon  the 
constants  in  equation  3.  The  condenser  experimented  upon  had  152 
horizontal  brass  tubes  f  in.  internal  diameter  and  each  7  ft.  long, 
with  the  usual  two  water  passes. 

In  this  paper  Dr.  Stanton  also  discusses  the  results  of  his  experi- 
ments and  calculations  to  show  the  influence  of  tube  diameter  and  tube 
length  upon  the  efficiency  and  performance  of  surface  condensers. 

Messrs.  Callendar  and  Nicolson  3  have  made  experiments  on  the 

1  "The  Passage  of  Heat  between  Metal  Surfaces  and  Liquids  in  contact  with 
them,"  Trans.  Royal  Society ',  1897. 

•  "  The  Efficiency  and  Design  of  Surface  Condensers,"  Inst.  Civil  Eng., 
vol.  cxxxvi.,  1898-99,  part  II. 

3  "  Experiments  on  the  Condensation  of  Steam,"  Report  British  Assoc.,  1897,  p.  418. 

R 
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rate  of  condensation  of  steam  at  the  temperatures  obtaining  in  steam- 
engine  cylinders,  using  a  thick-walled  condenser,  with  thermometers 
inserted  in  holes  bored  in  the  metal.  They  found  that  the  rate  of  con- 
densation was  not  appreciably  altered  by  using  revolving  brushes  to 
sweep  over  the  condensing  surface  five  or  six  times  per  second,  and  they 
concluded  that  the  maximum  possible  rate  of  condensation  was  about 
074  B.Th.U.  per  square  foot  per  second  per  °  F.  difference  of  tempera- 
ture between  the  steam  and  the  wall. 

Many  experimenters  have  attempted  to  measure  the  temperature  of 
metal  having  one  surface  in  contact  with  boiling  water.  Most  of  these 
experiments,  however,  appear  to  have  been  made  with  fusible  plugs 
attached  to  or  inserted  into  the  metal,  the  melting  point  of  the  plugs 
being  taken  as  an  indication  of  the  temperature  of  the  metal,  but  this 
method  has  been  found  to  be  unreliable.1  A  brief  description  of  many 
of  the  experiments  with  fusible  plugs  is  given  in  Stromeyer's  "  Marine 
Boilers."  In  the  paper  quoted  below  results  of  a  large  series  of  experi- 
ments are  given  which  were  made  on  steel  and  copper  plates  heated  on 
one  side,  with  the  other  side  in  contact  with  boiling  water  at  atmo- 
spheric pressure.  The  temperatures  of  the  metal  at  various  positions 
were  obtained  by  means  of  thermo-j unctions  embedded  in  the  metal. 
The  results  given  in  the  accompanying  table  have  been  selected  as 
representative  values. 

IHEAT  FLOW  TO  WATER  BOILING  AT  100°  C. 


Pounds  of 

Temperature  of  plate  °  C. 

Material. 

Condition  of 
surface. 

water 
evaporated 
per  sq.  ft. 
per  hour. 

Heated  side 
of  plate. 

Water  side 
of  plate. 

Difference. 

Copper  plate,  0*904  in.l 
thick,  15  sq.  in.  area./ 

Heated  side  oft 
plate  smoked/ 

9-8 
20-3 

I06'8 
II3-8 

104-0 

I07-8 

2-8 
6-0 

Steel  plate,    i'oo6   in.) 
thick,  16*4  sq.  ins.  area/ 

Clean  surfaces!       9'3 
I     *3'4 

125-0 
ISO'S 

I05-5 
105-6 

I9-5 
24-7 

Do.              do.         | 

Heated  side  of  I 
plate  smoked] 

9'5 
I3-35 
23-1 

I28-I 

I33-5 
I54-0 

105-8 

106-2 
107-0 

22-3 

27-3 
47-0 

Some  experiments  were  also  made  with  oil  placed  on  the  surface  of 
the  plate  in  contact  with  water.  Linseed  oil,  sperm  oil,  and  best  sweet 
oil  were  each  put  on  the  surface  and  heated  till  it  decomposed,  and  a 
dark  brown  waxy  layer  of  about  y^  inch  thickness  was  formed  on  the 
surface.  When  water  was  evaporated  under  these  conditions  there  was 
a  marked  rise  in  the  temperature  of  the  water  side  of  the  plate,  the 
maximum  rise  of  temperature  being  about  equivalent  to  what  would 
have  occurred  if  about  0*7  inch  of  iron  had  been  added  to  the  thickness. 

Some  experimenters  have  reported  that  to  heat  water  requires  a 

1  Bryant,  "On  the  Thermal  Condition  of  Iron,  Steel,  and  Copper  when  acting 
as  a  Boiler-Plate,"  Proc.  Inst.  Civil  Engs.;  vol.  cxxxii.,  1897-98,  part  ii. 
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greater  difference  of  temperature  between  the  plate  and  the  water  than 
when  the  water  is  boiling.  Others  have  not  found  any  appreciable 
difference.  Professor  A.  H.  Gibson l  described  some  experiments  he 
made  to  ascertain  the  effect  of  boiling  water  as  compared  with  water 
below  the  boiling  point.  An  open  cast-iron  vessel,  about  8  inches  in 
diameter  and  containing  about  3  inches  of  water,  was  heated  up  by  a 
ring  of  gas  jets.  The  temperature  of  the  water  side  of  the  plate  was 
measured  by  means  of  a  platinum-iridium  thermo-couple  placed  in 
intimate  contact  with  the  plate,  a  shallow  depression  of  ~  inch  in 
diameter  being  made  in  the  plate  to  receive  the  point  of  the  couple. 
The  following  results  were  obtained  : — 

Temperature  of  water  °  F.         120         140         160         180        212 

„              plate    ,,  190        208        215         220        212-5 

Difference  °  F 70          68          55          40  0*5 

In  these  experiments  the  water  was  stirred  vigorously  during  the  whole 
process  of  heating. 

These  results  would  seem  to  suggest  that  the  heat  resistance  between 
a  tube  surface  and  boiling  water  is  possibly  much  less  than  when  the 
water  is  not  boiling,  provided  that  the  bubbles  of  steam  are  not  allowed 
to  cling  to  the  surface  after  their  formation. 

Heat  Conduction  through  Metal. — The  transmission  of  heat  from 
one  side  to  the  other  side  of  a  plate  takes  place  by  conduction,  and 
since  all  materials  offer  some  resistance  to  the  flow  of  heat,  a 
difference  of  temperature  is  required  between  the  two  sides  of  the  plate 
to  cause  the  heat-flow. 

Let  S  =  thickness  of  metal,  inches. 

6l  =  uniform  temperature  of  the  hotter  surface  of  plate,  °  F. 

0-2  =       »  »  »      otl:ier         »  »          °  F. 

k  =  thermal  conductivity,  B.Th.U.  per  minute,  per  inch  thickness, 
per  sq.  ft.  area,  per  °  F.  difference  of  temperature  (see 
Table  of  Conductivities,  p.  383). 
H  =  heat-flow  through  plate,  B.Th.U.  per  min.,  per  sq.  ft. 

Then—  H  =  k  -^-^ 


EXAMPLE.  —  If  6coo  B.Th.U.  per  hour  pass  through  each  square 
foot  of  a  half-inch  steel  plate,  calculate  Ol  —  02> 
6000  _          6l  —  02 
~6o~    =5'8     0-5 


As  6000  B.Th.U.  per  sq.  ft.  per  hour  could  be  taken  to  represent 
a  good  average  rate  of  heat  transmission  through  the  heating  surface  of 
an  ordinary  boiler,  it  is  evident  that  the  drop  of  temperature  through 
the  plate  is  quite  small  when  compared  to  the  average  difference  of 
temperature  between  the  flue  gases  and  the  water. 

1    Trans.  Engs.  and  Shipbds.  in  Scotland  ',  1910-11. 
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Temperature  Distribution  from  Gas  to  Water. — The  distribution  of 
temperature  from  the  furnace  gases  through  the  plate  to  the  water  is 
approximately  illustrated  to  scale  in  Fig.  140  for  ordinary  boiler 
temperatures,  and  with  the  above  rate  of  heat  transmission.  Vertical 


FIGS.   140,    141. — Diagrams  of  temperature  gradients  from  gas  to  water  through 

boiler  plates. 

ordinates  denote  temperature  and  horizontal  abscissae  represent  dis- 
tances, and  it  is  seen  that  the  plate  thickness  has  been  taken  at  \  inch. 
The  gases  are  supposed  to  have  an  average  temperature  of  1000°  F. ; 
the  water  temperature  is  assumed  to  be  340°  F. ;  and  both  surfaces  of 
the  plate  are  supposed  to  be  quite  clean.  Jt  will  be  noted  that  the  fall 
of  temperature  through  the  metal,  and  also  from  the  metal  to  the  water, 
is  quite  small  when  compared  with  that  from  the  gas  to  the  metal,  that 
is,  the  resistance  to  the  flow  of  heat  from  the  gas  to  the  water  is  princi- 
pally due  to  that  which  occurs  between  the  gas  and  the  metal  surface. 
It  is  therefore  evident  that,  so  long  as  a  plate  is  in  contact  with  water, 
a  reduction  of  the  resistance  on  the  water  side  of  the  plate  could  not 
appreciably  affect  the  rate  of  heat  transmission  from  the  gas  to  the  plate 
when  the  rate  of  heat  transmission  is  comparatively  small,  because  it 
could  only  have  a  comparatively  small  influence  on  the  temperature 
difference  (T,,  —  OJ.  Therefore  an  appreciable  increase  of  the  rate  of 
heat  transmission  for  ordinary  values  of  the  temperatures,  Tff  and  Tw, 
could  only  be  obtained  by  increasing  the  velocity  of  the  gases  relatively 
to  the  surface,  that  is,  between  limits,  the  material  and  thickness  of 
the  plates,  as  well  as  the  resistance  at  the  water  side  of  a  clean  plate, 
could  have  but  little  influence  on  the  rate  of  heat  transmission  with 
ordinary  boiler  temperatures.  It  is  not  difficult,  however,  to  show  that 
with  high  gas  velocities,  and  with  the  corresponding  high  rates  of  heat 
transmission,  a  high  water  velocity  tends  to  restrict  the  temperature  of 
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the  metal  to  within  reasonable  limits.  Also,  in  the  case  of  low  gas 
temperatures,  a  high  water  velocity  may  materially  influence  the  rate  of 
heat  transmission. 

Fig.  141  is  intended  to  represent  (not  to  scale)  the  effect  of  a 
deposit  of  soot,  dirt,  or  oxidized  metal  on  the  gas  side  of  the  plate,  and 
a  deposit  of  scale,  dirt,  or  other  poor-conducting  substance  on  the 
water  side  of  the  plate,  and  hardly  requires  special  explanation.  How- 
ever, it  should  be  noted  that,  although  an  increase  of  resistance  due 
to  scale  or  dirt,  etc.,  on  the  water  side  of  the  plate  would  probably 
increase  the  average  temperature  of  the  plate,  it  would  not  necessarily 
greatly  affect  the  rate  of  heat  transmission  from  the  gas  to  the  plate 
unless  the  heat  resistance  on  the  water  side  became  unduly  pronounced. 

In  the  case  of  surface  condensers  for  steam,  the  temperature 
difference  between  the  steam  and  the  water  is  quite  small  when  com- 
pared to  that  between  the  gas  and  water  in  a  boiler  furnace,  and  there- 
fore the  above  remarks  do  not  apply  to  surface  condensers  ;  in  fact,  the 
surface  resistance  on  the  water  side  is  theh  a  most  important  factor, 
because  the  heat  resistance  between  condensing  steam  and  the  tube 
surface  is  very  much  less  than  that  between  a  gas  and  a  plate  or  tube 
surface. 

In  his  paper  on  "  Heat  Transmission," 1  Professor  Dalby  gives  a 
list  of  most  of  the  papers  and  articles  which  have  been  written  on 
subjects  bearing  upon  heat  transmission. 

1  Proc.  Inst.  Mech.  Eng.,  1909,  p.  921. 


CHAPTER   X 

TESTING    OF  INTERNAL   COMBUSTION  ENGINES 

THE  general  term  "  internal  combustion  engines "  includes  all  types 
of  engines  which  utilize  some  of  the  heat  energy  of  a  combustible 
mixture  for  conversion  into  mechanical  work  when  the  combustion 
process  takes  place  in  or  near  to  the  working  cylinder  of  the  engine.  It 
will  be  easily  understood  that  the  details  and  the  elaboration  of  the 
testing  arrangements  suitable  for  these  engines  depends  somewhat  upon 
the  type  and  size  of  engine,  and  upon  the  principal  objects  of  a  test  or 
series  of  tests.  During  any  test  the  conditions  should  be  maintained 
as  constant  as  possible,  and  the  duration  should  be  sufficient  to  ensure 
average  results  of  reasonable  accuracy;  also,  in  any  set  of  tests  not 
more  than  one  independent  condition  should  be  varied  at  the  same 
time,  unless  circumstances  require  it,  and  between  any  two  sets  of 
tests  the  additional  variation  of  the  conditions  should  be  carefully 
considered  before  such  tests  are  commenced. 

The  principal  independent  variable  conditions  are  :  (i)  The  quality 
of  the  combustible  mixture  (i.e.  ratio  of  fuel  to  air) ;  (2)  the  quantity  of 
the  combustible  mixture  of  constant  quality  ;  (3)  the  point  of  ignition  ; 
(4)  the  jacket  temperatures;  (5)  the  ratio  of  compression;  (6)  the 
engine  speed;  (7)  the  suction  and  exhaust  pressures;  (8)  alterations  in 
the  cycle  of  operation ;  (9)  structural  alterations  of  the  engine  or  con- 
nected parts,  such  as  the  valve  arrangement,  valve  timing,  etc. 

Ordinary  works  and  guarantee  tests  are  usually  made  with  particular 
reference  to  the  power  developed  and  the  amount  of  fuel  consumed 
under  ordinary  working  conditions.  In  such  cases  it  is  generally  suffi- 
cient to  measure,  at  some  pre-arranged  load  or  series  of  loads,  the 
indicated  and  brake  horse-powers,  fuel  consumption,  calorific  value  of 
fuel,  explosions  and  revolutions  per  minute,  jacket-water  temperatures, 
and  sometimes  the  quantity  of  jacket  water  used  and  the  exhaust 
temperature. 

If  an  internal  combustion  engine  had  to  be  tested  at  various  loads, 
either  the  quality  of  the  combustible  mixture  or  the  quantity  of  a  nearly 
uniform  mixture  would  be  varied  to  suit  the  load,  such  control  being 
usually  obtained  through  suitable  mechanism  from  the  engine  governor 
for  ordinary  gas  and  oil  engines,  or  by  hand  in  those  engines  which  are 
applied  to  locomotion.  Either  of  these  would  therefore  be  the  inde- 
pendent variable  condition  which  would  be  introduced  in  an  ordinary 
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set  of  tests  at  various  loads,  but,  of  course,  the  point  of  ignition  might 
or  might  not  be  altered  at  the  same  time  to  suit  the  circumstances.  As 
to  whether  the  point  of  ignition  would  be  adjusted  at  each  load  to  suit 
the  particular  condition  of  the  mixture  would  depend  upon  the  selected 
conditions  which  were  agreed  upon  before  the  commencement  of  the 
tests.  It  should  also  be  borne  in  mind  that,  in  the  case  of  producer  or 
blast-furnace  gas  engines,  it  is  practically  impossible  to  ensure  a  uniform 
quality  of  gas  over  any  lengthy  period,  so  that  the  quality  of  the  com- 
bustible mixture  might  vary  during  a  test  or  series  of  tests  quite 
independently  of  the  action  of  the  governor. 

The  outlet  jacket  temperature  can  be  varied  by  altering  the  quantity 
of  water  flowing  through  the  jacket.  With  the  ordinary  cooling-tank 
arrangements,  however,  the  outlet  temperature  would  most  likely  be 
lower  at  light  loads  than  at  heavy  loads,  and,  of  course,  would  therefore 
represent  a  variation  of  the  conditions.  This  would  be  allowable  if  an 
engine  had  to  be  tested  under  working  conditions  with  the  ordinary 
water-cooling .  arrangements  in  operation,  but  if  the  experiments  were 
intended  to  exclude  entirely  the  influence  of  the  jacket-water  tempera- 
tures, these  should  then  be  maintained  as  nearly  as  possible  at  some 
pre-arranged  values. 

Clearance  volume  -f  Volume  swept  by  piston  per  stroke 


The  ratio 


Clearance  volume 


is  generally  termed  the  "  ratio  of  compression."     It  is  evident  that  this 

ratio  can  be  altered  by  an  alteration  of  the  clearance  volume,  and  for  a 

single-acting  engine  which  has  the  marine  type  of  connecting  rod  end, 

shown  in  Fig.  142,  this  alteration  could  be  easily  effected  by  placing 

steel  packing  plates,  A,  behind  the  palm 

end  of  the  connecting  rod,  the  bolts  being 

made   long  enough    to   suit  the  thickest 

packing   it   was    intended    to    introduce. 

Another  method  is  to  fix  a  suitable  plate 

on  the  end  of  the  piston,  but  this  is  not 

advisable  except  perhaps  for  small  engines, 

since  the  thickening  of  the   piston  end, 

and  the  large  heat-resistance  of  the  joint 

between  the  plate  and  the  piston,  might   FlG- 

cause  overheating   of  the   plate   and  the 

pre-ignition  of  the  gases. 


142. — Connecting  rod  end 
for  gas  engine,  arranged  to 
allow  alteration  of  compression. 


Generally  speaking,  if  the  speed  of  an  engine  is  made  the  independent 
variable  condition  in  a  set  of  tests,  it  is  likely  to  cause  a  corresponding 
variation  in  the  suction  and  exhaust  pressures,  as  well  as  in  the  quality 
and  quantity  of  the  combustible  mixture  used.  In  such  a  case  it 
becomes  almost  impossible  to  determine  the  exact  influence  of  these 
dependent  or  secondary  variations.  Under  some  circumstances,  however, 
speed  alteration  might  be  allowable,  even  if  dependent  variations  are 
thereby  introduced ;  for  example,  if  it  should  be  desired  to  test  a  petrol 
motor  to  ascertain  the  speed  for  maximum  efficiency  or  for  maximum 
power  with  a  particular  setting  of  the  controlling  mechanism. 
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The  usual  arrangements  for  indicating  both  gas  and  oil  engines  have 
been  dealt  with  in  Chapter  II.  (p.  46),  together  with  the  precautions 
necessary  to  obtain  reasonable  accuracy.  It  is  much  more  difficult, 
however,  to  get  reliable  and  consistent  indicator  results  from  a  gas 
or  oil  engine  than  from  the  steam  engine,  especially  at  high  rotational 
speeds.  The  measurement  of  brake  horse-power  has  been  sufficiently 
dealt  with  in  Chapter  III.,  so  that  further  reference  is  hardly  necessary. 

For  the  best  work,  fixed  counters  should  be  used  to  ascertain  the 
revolutions  and  also  the  number  of  explosions  when  an  engine  governs 
by  the  hit-and-miss  method,  though  for  temporary  purposes  it  is  often 
sufficient  to  count  these  periodically  during  the  test,  using  a  small 
Starrett  hand-counter  for  the  revolutions.  A  small,  all-round  revolution 
counter  with  five  or  six  numbered  dials,  can  be  conveniently  driven  from 
a  pin  fixed  in  the  end  of  the  crank-shaft  or  in  the  end  of  the  side  shaft. 
In  the  case  of  an  engine  governed  on  the  hit-and-miss  principle,  a 
swivel  arm  counter  could  be  used  for  measuring  the  number  of  ex- 
plosions, with  the  arm  of  the  counter  connected  to  the  gas  valve.  It 
may  be  said  that  the  above-described  types  of  fixed  counters  are 
only  designed  for  use  with  moderate  speeds  of  rotation,  and  Messrs. 
Schaffer  &  Budenberg  supply  a  finger  and  dial  revolution  counter  which 
is  quite  suitable  for  high  rotational  speeds.  Tachometers,  either 
geared  or  belt  driven,  are  not  sufficiently  reliable  for  the  best  results, 
though  they  can  often  be  conveniently  used  for  approximate  work, 
especially  as  an  indicator  of  alteration  of  speed. 

The  inlet  and  outlet  temperatures  of  the  jacket  water  should  be 
obtained  as  near  to  the  working  cylinder  as  possible,  and  it  is  con- 
venient to  introduce  a  standard  Y -piece  connection  in  the  pipe  both  at 
the  inlet  and  outlet,  using  the  inclined  leg  of  the  connection  for  the 
insertion  of  a  thermometer  pocket.  The  necessary  precautions  regarding 
temperature  measurements  have  been  mentioned  on  p.  66,  to  which 
reference  should  be  made. 

If  it  were  intended  to  measure  the  heat  lost  to  the  jacket  water,  it 
would  then  be  necessary  to  measure  the  weight  of  water-flow  besides 
the  inlet  and  outlet  temperatures.  A  common  arrangement  is  to 
connect  the  inlet  jacket  pipe  to  an  ordinary  town's  water  main,  and  to 
allow  the  water  to  flow  from  the  jacket  outlet  pipe  into  a  graduated 
measuring  tank  or  into  one  or  more  weighing  tanks,  a  regulating  cock 
being  inserted  between  the  water  main  and  the  engine ;  but  if  a  serious 
variation  of  pressure  occurred  in  the  water  main  during  the  course  of 
the  test,  this  would  effect  the  rate  of  water-flow  and  might  thus  cause 
variations  of  the  outlet  temperature.  Where  such  pressure  changes  are 
likely  to  occur  and  the  tests  are  of  great  importance,  it  is  preferable  to 
control  the  supply  of  jacket  water  from  the  main  by  introducing  a  small 
receiving  tank  several  feet  above  the  engine  cylinder,  using  a  ball  valve 
to  keep  a  constant  water-level  in  the  tank.  Such  an  arrangement  is 
shown  in  Fig.  149,  p.  260. 

When  running  under  ordinary  working  conditions,  small  internal 
combustion  engines  usually  have  the  water  jacket  connected  up  to  one 
or  more  cooling  tanks,  the  water-flow  being  obtained  by  the  syphon 
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action  of  the  cooled  and  heated  water.  The  quantity  of  jacket  water 
circulated  in  such  cases  could  be  measured  by  introducing  a  small 
centrifugal  pump  into  the  pipe  system,  allowing  the  pump  to  deliver 
the  warm  water  into  a  graduated  measuring  tank  or  orifice  tank  situated 
over  the  cooling  tanks,  and  taking  care  not  to  expose  the  water  to 
the  atmosphere  any  more  than  is  necessary.  In  the  case  of  large 
engines,  water-cooling  towers  might  be  used  and  the  circulation  kept  up 
by  special  pumps.  For  testing  purposes  these  pumps  could  be  arranged 
to  draw  from  a  special  suction  tank  and  the  cooled  water  entering  this 
tank  could  be  measured  by  a  suitable  weir  or  orifice. 

Measurement  of  Gas  Supply. — The  most  suitable  method  of 
measuring  the  gas  supply  to  an  engine  under  test  depends  largely  upon 
the  following  considerations,  viz.  :  The  character  and  source  of  the  gas, 
the  dimensions  of  the  engine,  the  degree  of  accuracy  required,  and  the 
general  convenience  and  cost  of  the  proposed  apparatus. 

When  extreme  accuracy  of  gas  measurement  is  not  essential,  an 
ordinary  wet  or  dry  meter  of  suitable  size  is  the  most  convenient, 
provided  that  it  has  been  properly  tested 
at  various  rates  of  gas-flow,  including  the 
maximum  and  minimum  rates  of  flow 
expected.  The  results  of  such  a  meter 
test  might  be  plotted  on  graph  paper  and 
a  curve  drawn  to  show  the  connection 
between  meter  readings  and  the  correct 
values.  Fig.  143  shows  a  diagrammatic 
sketch  of  the  arrangements  and  connec- 
tions between  the  meter  and  the  engine. 
The  meter  M  is  connected  to  the  town's 
gas  main  through  the  cock  Q  and  to  the 
flexible  gas  bag  or  anti-pulsator  A  through 
the  cock  C2.  On  the  suction  stroke  of 
the  engine  the  gas  charge  is  drawn  from 
the  anti-pulsator  or  gas-bag  A,  this  being 
constructed  so  that  a  flexible  portion 
interposes  a  needle  valve  between  the 


FIG.  143. — Connections  from  gas 
meter  to  engine  using  coal  gas. 


bag  and  the  meter  M  as  soon  as  the  engine  begins  to  draw  gas  on  the 
suction  stroke,  thereby  tending  to  preserve  a  constant  gas  pressure  in 
the  meter  and  in  the  gas  main.  The  gas  pressure  can  be  measured 
by  a  U  water  gauge,  G,  connected  to  a  pet  cock  at  any  convenient 
point  between  the  meter  and  the  anti-pulsator.  A  T-piece  introduced 
in  the  gas  pipe  could  be  used  for  the  insertion  of  a  thermometer,  H, 
through  an  air-tight  cork  fixed  in  one  leg  of  the  T-piece.  If  a  gas- 
heated  ignition  tube  is  used  on  the  engine,  the  point  B  is  a  convenient 
position  for  the  gas  pipe  connection  to  the  burner,  since  it  is  generally 
desirable  to  measure  the  total  gas  used  by  the  engine.  The  amount  of 
gas  used  by  the  burner  could  be  approximately  ascertained  after  the 
engine  is  stopped,  care  being  then  taken  to  see  that  the  gas  pressure 
in  the  meter  is  the  same  as  that  obtained  during  the  running  of  the 
engine. 
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Instead  of  a  meter  for  gas  measurement.  Professor  B.  Hopkinson 
has  successfully  used  a  standard  gas-holder  in  connection  with  a  40- 
B.H.P.  engine  using  coal  gas.  The  arrangement  is  described  in  his 
paper  "  On  the  Indicated  Power  and  Mechanical  Efficiency  of  the  Gas 
Engine  " 1  in  the  following  words  : — 

"  For  measuring  the  gas  supply  a  standard  holder  by  Messrs.  Parkin- 
son &  Cowan,  having  a  capacity  of  10  cubic  feet,  was  placed  between 
the  main  gas  supply  and  the  engine,  and  as  close  as  possible  to  the 
latter.  In  the  ordinary  running  of  the  engine  the  holder  stood  at  a 
constant  level,  the  flow  of  gas  into  it  just  balancing  the  flow  out,  and 
under  these  conditions  it  served  as  a  gas  bag,  coming  down  by  about 
Yu  of  a  cubic  foot  at  each  suction  of  the  engine.  In  a  measure- 
ment of  gas  consumption  the  supply  to  the  holder  was  cut  off,  so  that 
the  engine  took  gas  only  from  the  holder,  and  the  quantity  taken  in 
a  definite  number  of  suctions  (usually  about  50)  was  noted.  The 
indicator  diagrams  were  photographed  at  the  same  time  as  this 
measurement  was  made.  After  the  completion  of  the  measurement  the 
inlet  pipe  to  the  holder  was  opened  and  the  counterweights  adjusted  so 
that  the  holder  slowly  rose  to  nearly  its  highest  position,  when  the 
measurement  could,  if  necessary,  be  repeated.  It  was  possible  in  this 
way  to  read  off  the  gas  consumption  correct  to  one  part  in  500,  and, 
allowing  for  possible  inaccuracies  in  the  gas-holder  divisions,  small 
changes  in  temperature  and  pressure,  etc.,  it  may  be  taken  as  certain 
that  the  gas  consumption  given  is  within  one-half  per  cent,  of  the  truth. 
This  method  of  gas  measurement  is,  of  course,  especially  adapted  for 
cases  like  the  present,  in  which  the  actual  gas  used  in  a  particular  cycle 
or  series  of  cycles  is  desired,  but  it  may  be  noted  that  it  is  almost 
equally  suitable  for  the  measurement  of  gas  consumption  for  a  long 
period.  It  was  found  that  it  made  no  perceptible  difference  to  the 
power  given  by  the  engine  whether  the  inlet-pipe  to  the  holder  was 
open  or  closed,  and  it  may  be  assumed  therefore  that  the  gas  consump- 
tion remains  the  same  under  these  two  conditions.  The  rate  of  con- 
sumption determined  by  the  holder  may  therefore  be  assumed  to  hold 
during  the  intervals  when  the  holder  is  filling  or  is  standing  at  a  constant 
level.  This  method  of  measurement,  which  is  much  superior  in  accuracy 
to  any  meter,  and  is  very  convenient,  might  easily  be  applied  to  much 
larger  engines,  since  all  that  is  required  is  a  holder  of  capacity  sufficient 
to  run  the  engine  for  about  one  minute." 

In  the  u  First  Report  to  the  Gas-Engine  Research  Committee  " 
Professor  Burstall  describes  a  special  gas-holder  which  he  used  to 
measure  the  coal-gas  supply  to  a  small  engine  of  about  5  B.H.P. 
Referring  to  Fig.  148,  p.  259,  the  apparatus  consisted  of  a  calibrated 
gas-holder,  H,  of  diameter  6  ft.,  with  a  working  stroke  of  about  3  ft. 
4  ins.,  and  about  100  cub.  ft.  capacity.  The  moving  bell  H  was 
supported  by  a  single  wire  over  two  pulleys,  the  pulleys  being  fitted 
with  ball  bearings  to  reduce  friction,  and  to  the  other  end  of  the  wire 
balance  weights  were  attached  so  as  to  give  a  pressure  in  the  holder 
equal  to  ij  in.  water  column.  To  guide  the  bell,  four  small  rollers 
}  Proc.  Inst.  of  Mech.  Eng.,  1907.  2  Ibid.,  April,  1898. 
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were  attached  to  it  so  as  to  roll  on  two  vertical  guide-rods,  and  the 
volume  of  the  gas  used  in  any  particular  time  was  determined  by 
measuring  the  fall  of  the  inner  bell.  Three  scales  S  were  fastened  to 
the  inner  bell  at  points  on  the  circumference  120  degrees  apart,  and 
were  read  by  means  of  pointers  and  small  microscopes  attached  to  the 
outer  fixed  bell ;  the  object  of  using  three  scales  was  to  eliminate  the 
error  which  would  be  caused  if  the  bell  did  not  ride  in  a  perfectly 
vertical  line.  The  capacity  of  the  holder  was  determined  by  filling  it 
several  times  through  a  standard  cubic  foot  measure  and  the  value  of 
one  division  on  the  scales  was  thereby  determined.  Special  care  was 
taken  to  prevent  leakage  of  gas  both  from  the  holder  and  from  the 
supply  pipes. 

The  principal  advantages  claimed  for  the  holder  method  of  measur- 
ing gas  supply  are  :  That  it  is  not  subject  to  the  fluctuation  of  pressure 
which  might  occur  in  the  gas  main  during  the  course  of  a  test ;  that 
an  accurate  measurement  can  be  made ;  and  that  a  single  sample 
of  gas  taken  from  the  holder  represents  the  average  composition  of  the 
gas.  It  is  well  known  that  the  quality  and  pressure  of  a  town's  gas 
supply  may  vary  considerably  from  day  to  day,  and  sometimes  even  in 
the  course  of  a  test,  but  such  variations  are  not  of  sufficient  importance 
in  ordinary  testing  to  make  it  worth  while  to  use  an  expensive  gas- 
holder instead  of  a  wet  meter,  although  for  accurate  scientific  work  the 
gas-holder  is  preferable. 

Similar  arrangements  to  those  described  above  could  be  used  to 
measure  the  gas  supply  to  an  engine  using  producer  gas.  A  meter 
could  be  connected  to  the  gas-supply  pipe  between  the  scrubbers  and 
the  engine  for  small  and  moderate-sized  engines,  but  the  meter  would 
require  to  be  much  larger  than  that  for  a  similar-sized  engine  using  coal 
gas,  and  should  be  specially  guarded  against  the  deposit  of  tar  from  the 
gas  by  using  a  special  tar  extractor  between  the  producer  and  the 
meter.  A  receiver  or  flexible  bag  should  also  be  introduced  between 
the  meter  and  the  engine  to  equalize  the  gas  pressures  in  the  system. 

The  gas  supply  to  large  producer-gas  engines  can  be  measured  on 
the  gas-holder  principle,  though  the  method  is  costly  if  the  holder  were 
only  to  be  used  temporarily  for  the  purpose  of  one  series  of  tests. 
Messrs.  Crossley  Bros.1  have  used  a  large  holder,  30  ft.  in  diameter 
and  12  ft.  lift,  the  capacity  being  sufficient  for  a  single  test  of  short 
duration  on  a  6oo-B.H.P.  producer-gas  engine. 

The  arrangements  described  on  pp.  260  to  263  for  the  direct 
measurement  of  the  air  supply  to  gas  engines  can  be  used  to  measure 
gas  supply  by  introducing  suitable  modifications.  '< 

The  density  of  a  gas  varies  according  to  its  pressure  and  tempera- 
ture, and  it  is  therefore  convenient  to  reduce  measured  volumes  to 
some  standard  pressure  and  temperature,  usually  taken  as  30  ins.  of 
mercury  and  32°  F.  respectively.  Thus,  if  P  =  absolute  pressure  of 
gas,  ins.  mercury ;  /°  F.  =  gas  temperature  ;  V  =  measured  volume 
of  gas ;  and  V  =  corresponding  volume  of  gas  at  30  ins.  mercury  and 
32°  Fahr. ;  then — 

1  Proc.  Inst.  of  Meek.  Eng.,  1908,  p.  470. 
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Measurement  of  Oil  Fuel. — The  method  which  might  be  adopted  to 
measure  the  oil  supply  to  an  engine  would  depend  somewhat  upon  the 
character  of  the  oil,  upon  the  degree  of  accuracy  required,  and  upon  the 
quantity  of  oil  to  be  dealt  with.     One  of  the  most  accurate  methods  is 
represented  in  Fig.  144,  and  consists  of  a  vessel  or 
tank,  C,  preferably  made  of  glass,  which  is  firmly 
supported  in  a  convenient  position,  that  is,  above 
the  level  of  the  engine   fuel  valve  where  gravity 
feed  is  used,  and  of  sufficient  capacity  for  one  test 
of  reasonable  duration,  say  not  less  than  half  an 
hour  supply  at  full  load.     A  stiff  iron  or  brass 
bridge-piece,  DE,  is  supported  on  the  level  top  of 
the  vessel,  and  is  provided  with  a  pivot  at  D  so 
that  it  could  be  easily  moved  to  one  side  when  the 
tank  was  being  filled.     This  bridge-piece  supports 
a  brass  hook  gauge  H!  which  is  adjustable  for 
height,  the  point  of  the  gauge  being  made  either 
conical  or  spherical,  as  indicated  in  Fig.  145,  and  just  about  the  time 
for  commencing  a  test  the  level  of  the  oil  would  be  adjusted  so  as 
to  be  slightly  higher  than  the  point  of  the  gauge  H^. 
By  exercising  care,  the  exact  time   at  which  the  oil 
surface  and  the  point  of  the  gauge  coincide  can  be  easily 
obtained,  and  this  would  be  taken  to  be  the  start  of 
the  test,  after  which  a  definite  weight  of  oil  would  be 
poured  into  the  vessel  and  the  exact  time  again  noted 
at  which  the   surface  and   the   point   coincide.     The 
time  difference  would  then  represent  the  period  of  time 
in  which  the  definite  weight  or  volume  of  oil  is  con- 
sumed.     Proceeding  in   this  way,  the  test  could  be 
continued    so    as    to    include    as    many    succeeding 
measurements  as  were  found  to  be  desirable,  the  exact 
time  being  noted  at  each  observation. 

It  sometimes  happens  that  it  is  desired  to  ascertain  the  best  adjust- 
ment of  some  variable  condition,  so  far  as  the  particular  condition  affects 
the  oil  consumption.  Such  information  could  be  rapidly  obtained  by 
using  the  additional  hook  gauge  H2,  where  this  gauge  might  be  set, 
say,  one  or  two  inches  higher  than  Hj.  The  procedure  would  then  be 
somewhat  as  follows  :  After  the  adjustment  of  the  particular  condition 
under  consideration,  the  engine  would  be  run  at  constant  load  for  a 
length  of  time  sufficient  to  obtain  steady  conditions.  The  level  of  the 
oil -would  then  be  adjusted  slightly  above  the  point  of  the  gauge  H2,  and 
the  exact  time  at  which  the  oil  surface  and  the  point  coincide  would  be 
noted,  together  with  the  readings  of  the  revolution  and  explosion  counters. 
The  time  at  which  the  oil-level  reached  the  point  of  the  gauge  H 


FIG.  145.— Hook 
gauges. 
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would  be  noted  along  with  the  revolution  and  explosion  counter  read- 
ings. This  procedure  could  then  be  repeated  as  often  as  desired  to  see 
if  the  results  were  consistent,  after  which  another  adjustment  of  the 
variable  condition  might  be  made  and  the  observations  repeated  as 
soon  as  steady  conditions  were  obtained,  and  so  on  until  the  whole 
range  of  the  variable  condition  had  been  observed.  If  the  load  had  been 
maintained  quite  constant,  the  best  adjustment  would  be  that  which  gave 
the  greatest  number  of  total  revolutions  during  the  consumption  of  the 
definite  quantity  of  oil.  This  method  would  be  applicable,  for  instance, 
to  the  determination  of  the  most  economical  setting  of  the  oil  and  air 
valves  for  an  ordinary  oil  engine  working  at  any  particular  load. 

The  level  of  the  oil  in  the  calibrated  measuring  vessel  could  be 
indicated  by  means  of  a  gauge-glass  and  scale,  using  either  a  mirror 
scale  or  a  sliding  marker  to  ensure  reasonable  accuracy,  but  such  a 
method  is  not  suitable  for  dark-coloured  oils.  Another  method  of 
measuring  oil  supply  is  to  fix  a  vernier  scale  on  to  a  copper  float,  the 
scale  passing  through  a  close-fitting  hole  in  the  lid  of  the  vessel ;  but 
this  again  is  liable  to  inaccuracies  should  the  scale  have  any  tendency 
to  stick.  When  measuring  ordinary  paraffin  oils  or  petrol,  it  is  always 
advisable  to  provide  the  measuring  vessel  with  a  nearly  air-tight  lid, 
and,  in  fact,  such  is  actually  necessary  when  petrol  or  similar  volatile 
oils  have  to  be  dealt  with.  The  measurement  of  the  calorific  value  of 
gas  and  oil  fuels  is  considered  on  p.  303. 

The  following  scheme  of  ordinary  observation  sheets  is  suggested 
for  recording  purposes,  but  the  headings  could  be  rearranged  or  split  up 
to  suit  the  number  of  available  observers;  in  any  case,  it  is  always 
desirable  to  provide  each  observation  sheet  with  a  time  column.  For 
general  remarks  concerning  the  method  of  conducting  tests,  reference 
should  be  made  to  p.  2. 


OBSERVATION  SHEET  FOR  INTERNAL  COMBUSTION  ENGINE  TEST 

Date 

Name  of  observer 

Type  of  engine 

Name  of  maker 

Character  and  class  of  gas  or  oil 

Calorific  value  of  gas  or  oil 

Specific  gravity  of  oil 


Method  used  in  measuring  gas  or  oil 

„  „  „  jacket  water. 

Type  of  indicator 

Arrangement  of  brake — _ 
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No.  of 
test. 

Time. 

Reading 
of 
revolution 
counter. 

Difference 
between 
consecutive 
readings. 

Reading 
of  ^ 
explosion 
counter. 

Difference 
between 
consecutive 
readings. 

Brake  loads. 

Reading  of  meter, 
gasometer, 
or 
oil  tank. 

Difference 
between 
consecutive 
readings. 

Total  gas 
or  oil  used 
from  start. 

Jacket  temperatures. 

Inlet. 

Outlet. 

Weight  of 
jacket 
water  in 
measuring 
tank. 

Difference 
between 
consecutive 
weighings. 

Air 
temperature. 

Gas 
temperature. 

Barometric 
pressure, 
inches 
mercury. 

Gas 
pressure, 
inches 
water. 

TEST  MADE  ON  A  35-B.H.P.  DIESEL  OIL  ENGINE  AT  THE  GLAS- 
GOW AND  WEST  OF  SCOTLAND  TECHNICAL  COLLEGE. 

As  this  type  of  engine  is  not  commonly  met  with,  a  brief  description 
of  the  cycle  of  operations  would  perhaps  prove  acceptable.  The 
ordinary  Diesel  cycle  requires  four  strokes:  (i)  suction  of  air  into 
cylinder ;  (2)  compression  of  this  air  up  to  about  500  Ibs.  per  sq.  in.  ; 
(3)  injection  and  burning  of  oil  fuel,  with  expansion  of  the  heated 
gases ;  and  (4)  the  exhaust  of  these  gases  from  the  cylinder.  These 
operations  are  represented  in  the  accompanying  indicator  diagram 
(Fig.  146).  AL  is  the  atmospheric  line,  and  ab  represents  the  suction 
stroke,  air  alone  being  taken  in.  From  b  to  c  this  air  is  compressed  in 
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the  cylinder  and  is  thereby  raised  to  a  high  temperature,  so  that  when 
the  fuel  begins  to  be  injected  into  the  cylinder  at  about  the  point  c  the 
temperature  is  sufficient  to  ignite 
the  fuel.  Combustion  ceases  at 
about  the  point  d,  and  the  gases 
then  expand  in  the  cylinder,  being 
exhausted  at  e  and  along  the  ex- 
haust stroke  e  to  a.  A  two-stage 
air  compressor,  coupled  to  the 

engine    crank  -  shaft,    supplies    the 

,•    i  U1  .    f  FIG.  146. — Indicator  diagram  from 

high-pressure  blast  air  for  spraying  Diesel  engine>& 

the  oil  fuel  into  the  cylinder  when 

the  fuel  valve  opens  near  the  point  c  on  the  diagram,  and  the  engine  is 
governed  by  the  automatic  regulation  of  the  oil  supply  to  the  fuel  valve. 
Having  had  some  considerable  experience  in  the  running  of  this  engine 
under  the  most  diverse  conditions,  the  author  feels  that  he  cannot  speak 
too  highly  of  the  performance  and  efficiency  of  this  engine,  and  also  as 
regards  the  quality  of  the  design  and  workmanship. 

Maker's  name. — Mirrlees,  Watson  &  Co.,  Ltd.,  Glasgow. 

Dimensions. — Cylinder  diameter,  12  ins.;  stroke,  i8J  ins. 
Clearance  volume,  151  cub.  ins. 
Brake  wheel  diameter,  9  ft.  o  ins.  -f  f  in.  rope. 

RESULTS  OF  TEST  AT  ABOUT  30  B.H.P. 

Duration  of  test,  minutes 40 

Air  temperature,  °  F 72 

Jacket  inlet  temperature,  °  F 42*8 

„       outlet        „  °F 116-8 

Exhaust  temperature,  °  F 525 

Bammeuic  pressure,  {jg 

Air-blast  pressure,  Ibs.  sq.  in.  gauge 712 

Compression  pressure,  from  cards,  Ibs.  sq.  in.  above  atmosphere     .  495 

Revolutions  in  test 8142 

Revolutions  per  minute ...  203-5 

M.E.P.  gross,  Ibs.  sq.  in.  l 957 

I.H.P.  gross  =  957  x  !  13-1  x  203-5  x  18-35-    ...  . 

2  x  33,000  x  12 

Brake  load,  W  Ibs 182-25 

„         „.    W     „ 8-5 

„      (W  -  w}  Ibs 17375 

17375  xirx  9-06x203-5 
33,000 

B.H.P.  1 
Mechanical  efficiency  =  ~j~jj~p'™ °° 

(Friction  horse-power  +  horse-power  required  to  drive  air  com- 
pressor +  horse-power  spent  on  gases  during  suction  and 
exhaust)  =  50-9  -  30-4  l 20-5 

1  See  note,  p.  256. 
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Kind  of  oil  used Scotch  shale  oil 

Specific  gravity  of  oil 0*852 

Lower  calorific  value  of  oil,  B.Th.U.  per  Ib 18,000 

Volume  oil  used  in  test,  c.cs 5200 

Weight   „       „         „       Ibs.     .     .     .  • 975 

„         „       „    per  hour,  Ibs 14-64 

Oil  per  I.H.P.  hour,  Ibs o'288 

„       B.H.P.         „             0-482 

Jacket  water  used  in  test,  Ibs 739 

„        „      „       permin.,  Ibs 18-5 

Heat  supplied  to  engine  per  min.,  B.Th.U.  =  *4'64  *ol8>QQ°    .     •     4,39° 

Heat  given  to  jacket  water  per  min.,  B.Th.U.  =  18-5  (i  i6'8  —  42*8)  .     1,370 
Heat  equivalent  to  gross  work  in  cylinder  per  min.,  B.Th.U.  = 

50-9  x  33.°°o' 2)i6o 

Heat  rejected  to  exhaust  and  radiation  per  min.  (by  difference) 

B.Th.U.  =  439°  ~  (1370  +  2160) 860 

Thermal  efficiency,  based  on  gross  I.H.P.  =  —      - 0-492 

.     Heat  equivalent  to  brake  work      30-4  x  33,000 

Ratio  -  o  294 

Heat  supplied  to  engine  778  x  4390 

-n     .     Heat  to  jacket  water      1370 

Ratio  — -  — - —  = -^—    ...  0-^12 

Heat  supplied  4390 

.     Heat  to  exhaust  and  radiation       860 

Ratio  rr-      p — ; o'lqo 

Heat  supplied  4390 

Efficiency  of  theoretical  corn-)      /        AY""1!      c         /      ™  VOM> 

plete  expansion  air-cycle     H1  '(r)       \ =  * l  ~  (°'°683 '     I     '       °'658 
.    Actual  thermal  efficiency  based  on  I.H.P.      0-402 

RatlO    =. : : : -. 7=—. =   —  ....  O'748 

Theoretical  air-cycle  efficiency  0*658 

The  results  of  one  set  of  tests  on  the  Diesel  engine  at  various  loads 
is  shown  in  Fig.  147.  The  total  oil  per  hour  is  represented  by  a  flat 
curve,  and  the  oil  per  B.H.P.  hour  was  derived  from  the  total  oil  per 
hour  curve.  It  will  be  noticed  that  the  most  economical  load  is  a  little 
under  the  normal  full  load  of  35  B.H.P.  These  results  have  been  given 
in  terms  of  B.H.P.  because  this  can  be  obtained  more  accurately  than 
the  I.H.P.,  and  also  because  it  is  a  more  correct  measure  of  the  com- 
mercial efficiency. 

The  compression  and  expansion  of  the  gases  in  the  cylinder  follow 
the  law  PVn  =  constant.  In  the  above  series  of  tests  the  average 

1  An  air  compressor  driven  by  the  engine  supplies  the  air  blast  for  forcing  and 
spraying  the  oil  into  the  working  cylinder  against  the  compression  pressure.  This  air 
blast  therefore  returns  to  the  working  cylinder  some  of  the  work  done  on  it  in  the 
compressor.  Owing  to  the  general  unreliability  of  ordinary  indicators  when  applied 
to  a  Diesel  engine,  the  brake  horse-power  is  more  reliable  than  the  indicated  as  a 
basis  for  estimating  the  performance. 
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values  of  n  were  found  to  be  1*33  during  compression  and  1*25  during 
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FIG.  147. — Oil-consumption  curves  from  a  35-6.  H. P.  Diesel  engine. 

expansion ;  the  variation  of  load  did  not  seem  to  have  much  influence 
on  these  values.  For  the  best  method  of  determining  the  index  n  refer 
to  Fig.  169,  p.  326. 


CHAPTER   XI 

TESTING  OF  INTERNAL  COMBUSTION  ENGINES 

(continued) 

THE  preceding  discussion  was  concerned  mostly  with  ordinary  gas  or 
oil  engine  tests  such  as  might  be  carried  out  under  ordinary  workshop 
conditions;  but  when  it  is  desired  to  analyze  all  the  various  losses 
minutely  and  with  scientific  accuracy,  the  necessary  arrangements 
become  much  more  complicated,  and  great  care  has  then  to  be  exercised 
regarding  every  subsidiary  matter  which  might  affect  the  results.  In 
addition  to  the  measurement  of  the  I.H.P.,  B.H.P.,  gas  or  oil  consump- 
tion, weight  of  jacket  water  and  temperatures,  calorific  value  of  gas  or 
oil  already  discussed,  a  complete  test,  to  include  all  the  measurements 
necessary  to  give  an  estimate  of  the  magnitude  of  all  the  separate 
losses,  would  also  require  apparatus  to  measure  the  quantity  of  the  air 
supply,  the  moisture  in  the  air  supply,  the  composition  of  the  gas  or 
oil  fuel  by  analysis,  the  analysis  of  the  exhaust  gases,  and  the  heat 
carried  away  by  the  exhaust  gases. 

Measurement  of  Air  Supply. — The  air  supply  for  small  engines 
can  be  conveniently  measured  by  using  a  meter.  Such  an  arrange- 
ment is  shown  in  Fig.  148,  taken  from  Professor  Burstall's  First  Report 
to  the  Committee  on  Gas-Engine  Research  already  referred  to  on  p.  250. 
The  air  meter  M  was  a  4oo-light  standard  wet  meter  made  by  Messrs. 
A.  Wright  &  Co.,  of  Westminster.  The  air  was  forced  into  the  meter 
by  means  of  the  blower  B,  which  was  driven  by  the  motor  A,  the 
pressure  of  the  air  being  kept  constant  by  the  air  governor  G.  On 
leaving  the  meter  the  air  passed  through  a  safety  box  X,  which  was 
introduced  to  prevent  inflammable  gas  from  passing  into  the  meter, 
and  to  provide  a  relief  or  safety  arrangement  in  cases  of  back  ignition. 
The  first  object  was  attained  by  making  the  air  pass  through  a  non- 
return valve ;  and  the  second  by  making  the  top  of  the  box  X  into  a 
loose  lid  kept  in  position  by  being  embedded  in  tallow.  Before  the 
air  reached  the  engine  it  passed  into  a  large  rubber  bag  R,  which  pre- 
vented fluctuations  of  pressure  in  the  meter  during  the  suction  stroke. 
The  pressure  and  temperature  of  the  air  were  measured  in  a  similar 
manner  to  that  described  on  p.  249  in  connection  \\ith  the  measure- 
ment of  gas. 

The  holder  method  of  measuring  gas  supply  is  also  applicable  to 
the  measurement  of  the  air,  but  every  care  has  to  be  exercised  to 
prevent  the  possibility  of  an  explosion  in  the  air-holder. 
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In  the  Final  Report  of  the  Committee  appointed  to  consider  and 
report  on  the  standards  of  Efficiency  of  Internal  Combustion  Engines  l 
a  simple  method  of  measuring  the  air  supply  is  described.  Fig.  149  is 
a  diagrammatic  representation  of  the  engine  and  apparatus  used  by  the 
committee.  The  air  was  measured  by  means  of  an  anemometer2 
placed  inside  a  box,  B,  which  was  attached  to  an  extension  of  the  air 
suction  pipe  A.  A  large  gas-bag  Bg  was  placed  on  the  connecting  pipe 
in  order  to  keep  the  flow  of  air  at  the  anemometer  as  uniform  as 
possible.  The  fan  of  the  anemometer  was  placed  close  to  the  air  inlet 
to  the  box,  and  its  indications  were  read  from  without  through  a  glass 
window  let  into  the  top  of  the  box.  The  air  inlet  was  circular,  being 
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Calorimeter      7   ~      ~ 
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\orimett 

FIG.   149. — Diagram  of  arrangement  of  gas  engine  for  testing. 
(Final  Report  of  Committee,  Proc.  Inst,  Civil  Eng.t  vol.  clxiii.) 

cut  out  of  a  piece  of  sheet-iron,  so  that  the  size  could  be  easily  adjusted 
to  determine  a  rate  of  flow  past  the  anemometer  which  would  give  a 
suitable  rotation  to  the  fanwheel.  The  pressure  and  temperature  of 
the  entering  air  were  measured  by  a  barometer  and  a  thermometer, 
whilst  the  hygrometric  condition  was  taken  by  means  of  a  wet  and  dry 
bulb  thermometer.  The  various  points  at  which  temperatures  were 
measured  are  signified  by  the  letter  T  in  the  illustration. 

The  method  devised  to  find  the  relation  between  the  actual  volume 
of  air  entering  the  air  chamber  and  the  reading  of  the  anemometer  was 
quite  simple  and  effective.  When  the  engine  was  quite  cold,  the  gas 
supply  was  cut  off  and  the  engine  was  allowed  to  draw  in  air  through 
the  orifice  used  in  the  trial,  being  driven  by  an  electric  motor  through 

1  Proc.  Inst.  of  Civil  Eng.,  vol.  clxiii.,  1905-06,  part  I. 

2  For  description  of  anemometers,  see  p.  338. 
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a  belt  placed  on  the  flywheel.  In  this  way  the  engine  cylinder  served 
as  a  calibrating  chamber.  When  making  the  anemometer  calibrating 
trials,  the  number  of  revolutions  of  the  engine,  the  anemometer  read- 
ings, and  the  duration  of  the  run  were  observed,  and  light  spring 
indicator  diagrams  were  also  taken. 

Referring  to  the  light-spring  diagram,  Fig.  150,  it  is  evident  that 
the  length  of  the  diagram  repre-       indicator  stu> 
sents  the  stroke  of  the  engine, 
and   therefore   to   some   scale 
represents  the  volume  displaced 
by  the  piston   in  one  suction 
stroke.     The  distance   BC   is 
the  length  cut  off  on  the  atmo- 
spheric line  AL  by  the  diagram,       D 
and   this  distance   can   there-       FIG.  iso.-Light-spring  indicator  diagram 

fore  be  taken  to  represent  the          from  gas  engme  when  motored  round' 

volume  of  the  air  taken   in  per  suction  stroke  when  at  atmospheric 

pressure.     Thus,  if  DE  is  the  length  of  the  diagram,  and  V  cub.  ft.  is 

the  volume  swept  by  the  piston  per  stroke,  the  distance  BC  represents 

"Rf 

—  —  X  V  cub.  ft.     From  the  results  obtained  the  cubic  feet  of  air  per 


unit  reading  of  the  anemometer  were  calculated.  It  should  be  noted 
that  the  measurement  of  air  supply  thus  obtained  is  only  a  true  measure 
of  that  used  for  combustion  when  an  explosion  occurs  every  cycle, 
and  also  that  it  depends  upon  the  accuracy  of  the  indicator. 

In  a  paper  on  "  Experiments  on  a  Method  of  Measuring  the  Air 
or  Gas  Supply  to  Engines  and  Furnaces,"  *  Professor  Ashcroft  describes 
a  modification  of  the  above  method  of  measuring  the  air  supply  as 
applied  to  a  Hornsby-Akroyd  oil  engine  of  about  8  H.P.  An  air-tight 
wooden  box,  5  ft.  Ions:,  i  ft.  9  ins.  wide,  and  n  ins.  deep,  was 
connected  up  to  the  air-supply  pipe  and  fitted  with  a  3-in.  diameter 
orifice  at  the  flat  end.  The  bottom  of  the  box  consisted  of  an  india- 
rubber  sheet  for  more  than  half  its  length  to  equalize  pressures.  A 
special  diaphragm  gauge  was  used  to  measure  the  average  pressure 
difference  between  the  atmosphere  and  the  box,  and  the  suction  line 
of  the  light-spring  diagram  taken  from  the  motored  engine  was  measured 
as  described  above  to  determine  the  connection  between  this  pressure 
difference  and  the  volume  of  air  taken  in  by  the  engine.  Instead  of 
allowing  the  normal  compression  and  expansion  of  the  air  when 
calibrating  the  diaphragm  gauge,  the  exhaust  valve  was  kept  open 
on  these  two  strokes,  but  was  of  course  closed  on  the  suction  stroke. 
The  temperature  of  the  air  in  the  exhaust  pipe  was  measured,  and 
was  found  to  be  slightly  above  that  of  the  atmosphere,  and  the  mean 
of  the  two  was  taken  to  represent  that  of  the  air  in  the  cylinder  at 
the  end  of  the  suction  stroke.  The  measured  cylinder  volumes  had 
thus  to  be  multiplied  by  the  factor  absolute  temperature  of  affnosphere 

absolute  temperature  of  air  in  cylinder 

to  reduce  these  volumes  to  atmospheric  temperature  conditions. 
1  Proc.  Inst.  Civil  Eng.,  vol.  clxiii.,  1907-08,  part  III.  p.  289. 
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Professor  Dalby1  has  used  a  similar  arrangement  to  that  just 
described,  except  that  he  introduced  a  much  smaller  orifice,  and  thus 
obtained  a  larger  pressure  difference  between  the  atmosphere  and  the 
air  box,  which  he  measured  by  means  of  a  U  gauge,  using  viscous  oil 
of  specific  gravity  0*9  so  as  to  damp  out  any  excessive  oscillations  due 
to  the  slightly  varying  pressures.  The  air  box  had  a  cross-sectional 
area  of  2*66  sq.  ft.  and  a  capacity  of  197  cub.  ft.,  the  total  capacity 
between  the  orifice  and  the  air-admission  valve  being  477  cub.  ft. ;  and 
this  was  used  in  connection  with  the  measurement  of  the  air  supply  to 
a  Crossley  gas  engine  having  the  cylinder  7  ins.  diameter  and  the  stroke 
14  ins.  The  sharp-edged  orifice  was  bored  out  of  a  brass  plate  and 
placed  at  the  centre  of  the  flat  end  of  the  box  with  the  sharp  edge  out- 
side. For  the  purpose  of  calibration  the  engine  was  driven  by  a  motor, 
and  the  timing  of  the  air  and  exhaust  valves  was  altered  so  that  the 
air  valve  opened  5°  after  the  dead  centre  and  the  exhaust  valve  5° 
before.  The  actual  pressures  in  the  cylinder  near  the  beginning  and 
end  of  the  suction  line  were  obtained  from  the  light-spring  indicator 
diagram,  and  the  temperatures  at  these  points  were  also  measured  by 
means  of  a  special  platinum  resistance  thermometer,2  so  that  the 

PV 
weight  of  air  could  then  be  calculated  by  using  the  relation  —  =  C. 

Using  the  expression  8  (p.  344)  for  the  weight  of  air-flow  per  unit  of 
time,  he  deduced  the  following  values  of  the  coefficient  of  discharge  k 
for  the  orifices  experimented  upon.  Comparing  these  with  the  values 
given  on  p.  344,  it  will  be  seen  that  there  is  a  fair  agreement. 


Pressure  difference. 

Orifice 
diameter,  ins. 

minute  of 
engine. 

Column  oil  of 
specific  gravity 

Equivalent 
water  column, 

Coefficient  of 
discharge,  k. 

o'9,  ft. 

ins. 

roi4 

I32 

0-16 

173 

0'59 

1-014 

200 

0-23 

2-48 

0-62 

1-014 

240 

0-285 

3-08 

0-61 

0-624 

52 

0-18 

i  '94 

°'597 

0-624 

140 

0-885 

9'55 

0*596 

0-624 

240 

1-505 

16-26 

0-584 

These  orifice  arrangements  just  described  could  also  be  used  for 
the  measurement  of  the  gas  supply  if  the  orifice  were  placed  between 
the  gas  pipe  and  the  box,  and  although  the  accuracy  of  the  readings 
would  be  increased  the  greater  the  pressure  difference  on  the  two  sides 
of  the  orifice,  it  is  otherwise  advisable  to  keep  this  pressure  difference 
as  small  as  possible  so  as  not  to  interfere  with  the  working  conditions. 

The  anemometer  has  also  been  employed  for  measuring  the  gas 
supply  passing  through  large  mains,  a  window  being  provided  for 

1  British  Assoc.,  September  5,  1910. 

2  For  description  of  thermometer  arrangement,  see  p.  76. 
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observing  the  anemometer  readings,  or  preferably,  electrical  contacts 
may  be  used  to  give  an  external  record  of  the  revolutions.  Such  an 
anemometer  may  be  calibrated  either  by  comparing  with  the  readings 
of  a  Pitot  tube  or  by  motoring  the  cold  engine  round  and  taking  light 
spring  diagrams  as  described  on  p.  261.  If  the  gases  were  not  com- 
pletely free  from  tar,  the  tar  might  deposit  on  the  anemometer  wheel 
or  bearings  and  thus  affect  the  record,  so  that  in  such  a  case  provision 
should  be  made  for  the  occasional  withdrawal  of  the  anemometer  for 
cleaning  purposes. 

An  electrically  heated  meter  has  been  used  for  the  measurement  of 
large  volumes  of  air  or  gas  flowing  through  a  pipe,  and  is  briefly  de- 
scribed on  p.  345. 

Calculation  of  Air  Supply  from  Analysis  of  Fuel  and  Exhaust 
Gases. — This  method  requires  an  analysis  of  the  gas  or  oil  used,  as  well 
as  that  of  the  exhaust  gases.  The  analysis  of  the  ordinary  town's 
coal  gas  is  so  complicated  and  requires  such  expert  procedure  that 
a  description  of  the  process  would  not  be  of  much  service  to  the 
engineer ;  it  is  therefore  much  the  better  to  entrust  the  analysis  of  a 
sample  of  town's  gas  to  an  expert  chemist.  The  approximate  analysis 
of  ordinary  producer  gas  is  not  a  very  difficult  matter  after  a  certain 
amount  of  practice  has  been  obtained  (see  p.  294),  and  a  reference  to 
the  method  of  collecting  and  analyzing  boiler  flue  gases  (see  p.  192) 
gives  sufficient  information  for  the  collection  and  analysis  of  exhaust 
gases  under  ordinary  conditions. 

It  is  usual  to  collect  the  sample  of  exhaust  gases  from  a  small  cock 
screwed  into  the  exhaust  silencer,  or  from  the  exhaust  pipe  at  any 
convenient  position,  not  more  than  a  few  feet  from  the  engine  if  a 
silencer  is  not  used.  The  ordinary  Otto  cycle  engine,  when  governed 
on  the  hit-and-miss  principle,  rejects  a  certain  amount  of  air  into  the 
exhaust  pipe  after  each  cut-out  or  miss  cycle,  and  this  introduces  some 
uncertainty  with  regard  to  the  character  of  the  sample  of  exhaust  gases 
collected  under  such  circumstances.  It  is  possible,  however,  to  make 
a  rough  allowance  for  the  exhaust  air  due  to  cut-out  cycles,  by 
considering  the  number  of  such  cycles  and  the  light-spring  diagrams  in 
much  the  same  manner  as  that  described  on  p.  261  when  dealing  with 
the  direct  measurement  of  the  air  supply ;  but  if  care  is  not  exercised 
the  method  maybe  subject  to  considerable  errors,  especially  under  light 
loads,  partly  because  of  indicator  errors  and  partly  because  the  exhaust 
pressure  in  the  pipe  is  generally  rather  lower  just  after  a  cut-out  cycle 
than  just  after  an  explosion  cycle,  and  thus  may  consequently  affect  the 
quantity  collected  during  such  cycles.  If  an  engine  is  governed  by 
other  methods  which  allow  an  explosion  every  cycle  no  such  difficulty 
arises,  but  in  any  case  a  small  error  may  be  introduced  on  account  of  the 
usual  timing  of  the  valves,  in  which  the  air  valve  opens  slightly  before 
the  exhaust  valve  closes,  thereby  allowing  a  possible  transference  of 
some  air  from  the  air  pipe  directly  into  the  exhaust. 

By  making  elaborate  arrangements  and  by  introducing  a  special 
sampling  valve,  it  is  possible  to  collect  a  true  sample  of  the  exhaust 
gases  from  an  engine  working  on  the  hit-and-miss  principle,  but  such 
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elaborations  are  not  usually  admissible  with  ordinary  testing  arrange- 
ments. The  arrangement  designed  by  Professor  Burstall1  for  this 
purpose  is  illustrated  in  Fig.  151.  An  electrical  relay  was  employed, 
which  was  arranged  in  such  a  manner  as  to  complete  a  number  of 
electrical  circuits  whenever  the  engine  obtained  a  charge  of  gas,  and 
to  keep  these  circuits  closed  until  the  end  of  the  exhaust  stroke.  One 
of  these  circuits  contained  an  electro-magnet  M,  the  circuit  being  broken 
in  two  places,  first  at  the  relay,  and  secondly  at  a  contact  fixed  to  the 
exhaust  valve.  The  latter  contact  was  closed  very  soon  after  the 
exhaust  valve  commenced  to  open,  thereby  exciting  the  electro-magnet, 
which  attracted  the  armature  A  fastened  to  the  vibrating  spring  V  ;  the 
outer  end  of  the  spring  could  just  strike  the  spindle  P  of  a  small  needle- 
valve  N,  which  was  held  on  its  seat  by  a  spiral  spring  S.  The  opening 
of  the  valve  allowed  a  single  bubble  of  gas  to  be  sucked  into  the  gas- 
receiver  R.  In  order  to  prevent  the  sample  from  being  contaminated 
by  the  air  in  the  clearance  space,  a  small  hole,  H,  about  ^  in.  diameter 
was  placed  behind  the  needle  valve  and  communicating  with  the  outer 
air,  so  that  before  the  needle  valve  moved  off  its  seat  the  gas  in  the 
clearance  space  was  blown  through  this  hole  by  the  outward  rush  of 
the  exhaust  gases.  The  breaking  of  the  circuit  was  effected  by  the 
lifting  of  the  relay,  which  was  also  done  by  the  movement  of  the  exhaust 
valve ;  the  two  contacts  on  the  exhaust  valve  were  so  arranged  that  one 
was  broken  almost  immediately  after  the  other  was  made.  The  sample 
of  gas  could  thus  be  taken  continuously  and  automatically,  and  con- 
tained nothing  but  the  exhaust  gas  itself  as  discharged  from  the  cylinder. 
It  was  found  necessary  to  keep  the  valve  N  well  ground  in  to  prevent 
leakage.  The  amount  of  gas  collected  during  a  test  was  about 
500  c.cs.,  or  32  cub.  ins. 

In  the  "  Third  Report  to  the  Gas-Engine  Research  Committee," a 
Professor  Burstall  describes  a  special  sampling  valve  which  he  used  in 
connection  with  the  sampling  of  the  exhaust  gases  from  a  Premier 
scavenging  engine  using  producer  gas.  This  type  of  engine  provides  a 
special  scavenging  charge  of  air  for  the  purpose  of  completely  clearing 
out  the  burnt  gases  from  the  cylinder  before  the  succeeding  suction 
stroke  commences,  and  therefore  this  scavenging  air  passes  into  the 
exhaust-pipe.  If  the  samples  of  the  exhaust  gases  had  been  taken  from 
the  exhaust  pipe  connections  in  the  usual  way,  an  unknown  amount  of 
scavenging  air  would  have  been  included,  and  the  air  supply  for  com- 
bustion could  not  have  been  determined  from  the  analysis.  Professor 
Burstall  placed  the  special  sampling  valve  in  the  end  of  the  cylinder  and 
operated  it  from  the  cam  shaft,  so  that  the  valve  opened  at  about  the 
exhaust  point,  but  closed  before  the  air  scavenging  valve  opened,  thus 
allowing  exhaust  gases  only  to  pass  the  valve.  An  objection  which  might 
be  urged  against  this  method  is  the  possibility  of  a  certain  amount  of  gas 
stratification  in  the  cylinder  preventing  the  collection  of  a  true  exhaust 
sample,  as  the  sampling  valve  had  to  close  somewhere  about  halfway 
along  the  exhaust  stroke. 

As  an  example,  the  following  composition  of  Ashton  coal  gas  is 

1  Froc.  Inst.  of  Mech.  Eng.,  1898.  2  Ibid.,  1908. 
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FiG.   131. — Arrangement  for  collecting  a  true  sample  of  exhaust  gases  from  gas 
engine  governed  on  the  hit-and-miss  principle. 
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taken  from  the  "  Final  Report  of  the  Committee  on  the  Efficiency  of 
Internal  Combustion  Engines."  l 

Constituents  of  coal  gas.  Per  cent,  by  volume. 

Methane  or  marsh  gas  (CH4) 3373 

Unsaturated  hydrocarbons  (assumed  C2H4) 474 

Hydrogen  (H2) 41-29 

Carbon  monoxide  (CO) .  7-13 

Nitrogen  (N2) 10-22 

Carbon  dioxide  (CO2) 2*62 

Oxygen  (O2) 0-27 

Volume  of  Air  theoretically  required  for  Complete  Combustion.— 
The  first  four  constituent  gases  in  the  above  sample  are  the  combus- 
tibles. The  chemical  equations  expressing  the  complete  combustion 
in  oxygen  are  as  follows  : — 


i  molecule"! 
marsh   gas/ 

CH4 


Similarly, 


C2H4 

2H2 
2CO 


•f 


2  molecules 

oxygen 

2O2 


02 
02 


i  molecule     \ 
carbon  dioxide/ 

C02 


2CO2 

2H2O 

2C02 


+ 

+ 


(  2  molecules 
\water  vapour 

2H20     (a) 


+         2H2O 


(*) 

W 

(d) 


Chemical  theory  asserts  that  the  volume  occupied  by  one  molecule 
of  an  elementary  or  a  compound  gas  at  any  particular  temperature  and 
pressure  is  the  same  for  all  gases.  Hence  i  volume  of  marsh  gas 
(CH4)  requires  2  volumes  of  oxygen  for  complete  combustion  ;  similarly, 
i  volume  (C2H4)  requires  3  volumes  of  oxygen  ;  and  so  on  for  the  other 
constituents.  The  following  table  expresses  the  results  for  100  volumes 
of  the  coal  gas,  where  all  volumes  are  referred  to  the  same  temperature 
and  pressure  conditions.  Thus,  since  i  volume  of  CH4  produces  i 
volume  of  CO2  and  2  volumes  of  H2O,  then  3373  volumes  CO2  and 
67-46  volumes  H2O  are  respectively  produced  by  3373  volumes  CH4, 
and  so  on  for  the  other  combustible  gases. 


Chemical 
symbol. 

Volume  of 
gas. 

Volume  of  oxygen 
required. 

Volume  of  carbon 
dioxide  produced. 

Volume  of 
water 
vapour 
produced. 

Total  volume  of 
products  of  com- 
bustion. 

CH< 
C2H4    . 

3373 
4'74 

2  X  33-73  =  67-46 

3  x    474  =  14-22 

3373 
9-48 

67-46 
9-48 

101-19 
18-96 

H2  .     . 
CO.     . 

41-29 

\  x  41*29  =  20-64 
£  x    7-13  =   3-57 

7-I3 

41-29 

41-29 

N2   .     . 

10-22 

— 

10-22) 

from  air  =  397-4  / 

C02     . 

2-62 



2-62 

— 

2-62 

02   .     . 

0-27 

0-27  deducted 

— 

— 

— 

Gas.     . 

lOO'O 

105-62 

52-96 

118-23 

181-41 

+  397'4 

578-81 

1  Proc.  Inst.  Civil  Eng.)  vol.  clxiii.,  1905-06,  part  I. 
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Since  air  to  oxygen  in  the  atmosphere  is  in  the  ratio  100  to  21  nearly, 

Volume  of  air  required  for  complete  I  __  T  Oo  ./: 

combustion  of  100  volumes  gas      f       «   •      °5 

=  503  volumes 
Volume  of  nitrogen  taken  in  with  air  =  |y  x  105 '62 

=  397 '4  volumes. 

Hence  i  cub.  ft.  of  gas  requires  5-03  cub.  ft.  of  dry  air,  and  produces 
5*788  cub.  ft.  after  combustion,  assuming  that  the  steam  remains  a 
vapour ;  but  if  the  steam  is  condensed,  the  volume  of  products  becomes 
(5788  -  1-182)  =  4-606  cub.  ft. 

Suppose  that  y  cub.  ft.  of  air  are  supplied  in  excess  per  cubic  foot 
of  gas,  then — 

Total  dry  air  supplied  pen       / 

cubic  foot  of  gas  j=0-  +  5-°3)  cub.  ft. 

On  the  assumption  that  the  steam  remains  a  vapour  and  that  the 
combustion  is  complete,  then — 

Volume  air  left  in  actual  products  of  combustion  _         y 
Total  volume  of  actual  products  of  combustion   ~~  y  -f  5*788 

Now,  when  a  sample  of  exhaust  gas  is  analyzed,  some  or  all  of  the 
water-vapour  formed  by  combustion  has  previously  condensed,  with  a 
corresponding  shrinkage  in  volume  ;  therefore,  if  all  the  steam  produced 
by  combustion  is  condensed — 

Volume  air  left  in  products  of  combustion y 

Total  volume  of  products  of  combustion       y  -\-  (5*788  —  1-182) 

y 

y  -j-  4*606 

If  the  exhaust  gases  were  analyzed,  and  were  found  to  contain, 
say,  O  per  cent,  oxygen  by  volume,  then — 
Excess    volume    of    air    in    100") 

volumes  exhaust  gases,  eqiiiva-  >  =  O  X  ^-  volumes  air. 
lent  to  O  volumes  of  oxygen        ) 

y  O 

Therefore  jrfe 

y=  cub.  ft.  per  cubic 

(2I  "  foot  of  gas 

EXAMPLE.— With  the  above  sample  of  town's  gas  the  exhaust  gas 
analysis  in  one  test  gave  1 1  per  cent,  oxygen  by  volume.  Calculate 
volume  of  air  supplied  per  cubic  foot  of  gas. 


4'6o6  X  ii  =  b  ft 

21    -   II 

Total  dry  air  supply  I  +         = 

per  cub.  ft.  gas       I      °    J      D 
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Shrinkage  of  Volume  due  to  Combustion.  - 

Volume  of  mixture  before  combustion  =  i  -f-  io'i  =  in  cub.  ft. 
alter 


__       ,    r-ngg  —  t'o7  4-  c'788 
(assuming  water  vapour  not  condensed)  /      J 

=  10*86  cub.  ft. 

Volume  of  mixture  after  combustion  }  =  v+    .6o6  =  -.07  +    .6r 
(water  vapour  condensed)          ) 

=  9-68  cub.  ft. 

in  —  io'86 
.*.  Shrinkage  due  to  combustion  =  ----  :  --  x  100  =  2-2  per  cent. 

nearly 
.*.  Shrinkage  due  to  combustion)       in—  9-68 

and  condensation  of  vapour/  =     ~^T~     X  100  =  x»-8  per  cent. 

Moisture  in  Air  Supply.  —  The  Committee  on  the  Efficiency  of  Internal 
Combustion  Engines  referred  to  on  p.  266  found  that  it  was  necessary 
to  take  account  of  the  moisture  in  the  air  entering  the  engine  if  a  strict 
calculation  of  the  various  losses  were  to  be  made,  since  under  ordinary 
conditions  the  water  vapour  in  the  air  carries  an  appreciable  amount  of 
latent  heat  into  the  engine.  This  would  be  a  serious  item  in  the  heat 
calculations  if  the  air  temperature  happened  to  be  comparatively  high 
and  the  air  saturated  or  nearly  saturated  with  water  vapour. 

The  most  convenient  method  to  estimate  vapour  contents  in  air  is 
to  use  the  wet  and  dry  bulb  hygrometer  (see  p.  76).  An  example 
taken  from  the  above-mentioned  committee's  report  can  be  taken  as 
an  illustration.  In  Trial  15  the  difference  between  the  readings  of 
the  wet  and  dry  bulb  thermometers  was  3°  F.  Glaisher's  factor  for  this 
difference  is  rg  (see  p.  382).  The  air  temperature  was  56*8°  F.  ;  hence 
the  dew-point  was  — 

56-8  -(3  X  1-9)  =  5i'i°  F. 

The  pressure  of  water  vapour  at  51"!°  F.  is  0-184  Ib.  per  square  inch 
absolute.  The  barometer  reading  was  30  ins.  =  1474  Ibs.  per  square 
inch,  consequently  the  pressure  of  dry  air  in  the  mixture  was  (1474  — 
0-184)  =  X4'56  Ibs.  per  square  inch  absolute.  The  volume  of  i  Ib.  dry 
air  may  be  computed  from  the  expression  P  x  V  =  5  3*1  ST. 

P  =  absolute  pressure,  Ibs.  per  square  foot. 
V  =  volume  of  i  Ib.,  cubic  feet. 
T  =  absolute  temperature  =  461  +  temp.  °  F. 

Hence  V  =  ^  X  f  I  +  *™> 

14-56  X  144 

=  13-13  cub.  ft.  per  Ib. 

Now,  in  a  mixture  of  a  gas  and  vapour,  each  exerts  its  own  pressure 
and  occupies  the  same  volume  just  as  if  the  other  were  not  present. 
Thus  it  follows  that  at  the  dew-point  the  water  vapour  with  pressure 
0*184  Ib.  per  square  inch  occupies  the  same  volume  as  the  air  with 
which  it  is  associated,  and  therefore  every  pound  of  air  having  a  volume 
of  13-13  cub.  ft.  also  contains  13*13  cub.  ft.  water  vapour.  Since 
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each  pound  of  steam  at  the  pressure  0*184  lb.  per  square  inch  occupies 
a  volume  1691  cub.  ft.,  the  weight  of  13-13  cub.  ft.  is  ^-  =  0-00776  lb. 

Under  these  conditions,  therefore,  each  pound  of  air  entering  the  engine 
carried  0*00776  lb.  of  water  vapour. 

Heat  Account.— On  p.  256,  the  ordinary  calculations  of  the  heat 
supplied  to  and  rejected  by  an  internal  combustion  engine  were  con- 
sidered, the  heat  rejected  to  exhaust  and  radiation  being  given  as  the 
difference  between  the  total  heat  supply  and  that  expended  in  doing 
work  together  with  that  given  to  the  jacket  water.     When  an  attempt 
is  made  to  measure  directly  the  amount  of  heat  rejected  to  exhaust, 
it  is  convenient  to  calculate  all  heat  contents  above  some  standard 
temperature,  say  32°  F.,  and  the  calculations  are  thus  slightly  modified. 
Heat  supplied  to  Engine  by  Gas,  above  32°  P. — 
Let  v  =  volume  of  gas  used  per  hour  at  normal  temperature  and 

pressure,  cubic  feet. 

c  =  lower  calorific  value  of  gas,  B.Th.U.  per  cubic  foot. 
s  =  specific  heat  of  gas,  B.Th.U.  per  lb.  per  °  F.  at  constant 

pressure. 
H  =  total  heat  in   contained  moisture  above  water  at  32°  F., 

B.Th.U.  per  hour. 
tg  =  gas  temperature,  °  F. 

p  =  density  of  the  dry  gas  at  normal  temperature  and  pressure, 
Ibs.  per  cubic  foot. 

Heat  supplied  by  gas  per  \       (          v    ,.  .    .   „  )  ^  ,_,   TT 

hourf  above  Iff"     /-{•*  +  j;'  ft  ~  3«).  +  H  }  B.Th.U. 

The  specific  heat  and  density  of  the  gas  can  be  approximately 
calculated  as  follows,  using  the  same  composition  as  given  on  p.  266: — 


Composition  of 
gas  per  cent,  by 
volume. 

Weight  per  cubic 
foot  ot  gas  at 
32°  F.  and  14-7 
Ibs.  per  sq.  in., 

Weight  per  100  cub.  ft.  of 
coal  gas  at  32°  F.  and  14-7 
Ibs.  per  sq.  in., 

Specific  heat  ' 
at  constant 
pressure, 
B.TH.U.  per 

Heat  for  a  rise 
ofi°F.per 
100  cub.  ft. 
of  coal  gas., 

Ibs. 

lb.  per  °  F. 

B.Th.U. 

CH4  =  3373 

0-0455 

3373  X  0-0455    =  1-535 

0*593 

0-910 

C2H4  =    474 

0-0795 

4-74  x  0-0795    =  o-377 

0-404 

0*152 

H2  =  41-29 

0-00559 

41-29  x  0-00559  =  0-231 

3-409 

0-787 

co=  7-13 

N2  =  10-22 

0-0773 
0-0788 

7-13  x  0-0773   =0-551 

10-22  X  0-0788     =  0*803 

0-245 
0-2438 

0-135 
0-195 

CO2  =    2-62 

0-1238 

2-62  x  0-1238  =  0-324 

0-217 

0-070 

02=    0-27 

0-0895 

0-27  x  0-0895   =  0-024 

0-2175 

0*005 

Total  =  3-845  Ibs. 

2-254 

Density  =  p  =  0*03845  lb.  per  cubic  foot,  at  32°  F.  and 
147  Ibs.  per  square  inch 

Specific  heat  =  s=  2~^  =  0-585 

1  The  specific  heat  varies  with  the  temperature,  more  particularly  in  the  case  of 
carbon  dioxide  (CO2).     (See  table,  p.  384.) 
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The  density  of  the  gas  can  also  be  calculated  in  terms  of  the  density 
of  air  at  the  same  temperature  and  pressure,  for  the  weight  of  a  cubic 
foot  will  be  proportional  to  the  molecular  weights  of  the  constituent 
gases  (see  p.  288). 

A  certain  amount  of  water  vapour  is  formed  by  combustion  which 
passes  away  from  a  gas  engine  as  vapour  under  ordinary  conditions  of 
operation ;  but  when  the  gas  is  burned  and  cooled  down  to  ordinary 
atmospheric  temperatures,  as  in  the  Junker  calorimeter  (p.  304),  the 
water  vapour  formed  by  combustion  condenses  and  gives  up  its  latent 
heat.  Therefore,  in  addition  to  the  heat  in  the  gas  as  calculated  above, 
there  is  the  heat  in  the  water  vapour,  which,  reckoned  above  water  at 
32°  F.,  may  be  taken  to  be  about  noo  B.Th.U.  per  pound  of  vapour. 
If  wx  Ibs.  of  vapour  are  formed  by  combustion  per  hour,  then — • 

Heat  in  water  vapour  =  wx  X  uoo  B.Th.U.  per  hour. 

The  amount  of  water  vapour  contained  in  ordinary  town's  coal  gas 
is  generally  negligible;  thus  the  value  of  H  could  be  practically 
neglected  compared  to  the  total  heat  involved ;  but  when  producer  gas 
is  used,  the  heat  contents  of  the  contained  moisture  should  be  taken 
into  account.  Ordinary  producer  gas  usually  passes  directly  from  the 
washer  or  scrubber  to  the  engine,  and  such  gas  might  therefore  be 
assumed  to  be  practically  saturated  with  water  vapour  as  it  enters  the 
engine,  the  amount  of  vapour  being  calculated  in  much  the  same 
manner  as  that  described  on  p.  268  in  connection  with  the  air  supply. 
The  corresponding  total  heat  H  in  the  water  vapour  would  then  be 
calculable  on  consulting  the  steam  tables  (p.  378). 

Heat  carried  into  Engine  by  Air  Supply,  above  32°  F.— Let  Va 
represent  the  cubic  feet  of  air  supplied  per  hour  at  the  same  temperature 
and  pressure  as  the  gas  =  ( y  +  5  '03)^',  where  v'  =  measured  volume 
of  gas  per  hour  in  cubic  feet,  referring  to  the  example  on  p.  266  for  the 
sake  of  illustration. 

y 

Then        wa  =  —     ~  Ibs.  dry  air  per  hour 
13-13 
Va 
wl  =  — ^-  x  0*00776  Ib.  water  vapour  per  hour  carried  by  air. 

Taking  the  specific  heat  of  air  at  constant  pressure  as  0*24,  and 
the  total  heat  per  pound  steam  at  51*1°  F.  above  water  at  32°  F.  as  //, 
then- 
Heat  taken  into  engine  per  hour  by  dry  air  =  0*24  x  wx  X  (air  temp. 

°F.  -  32)  B.Th.U. 
„  „  „  „      water  vapour  =  w^  X  h  B.Th.U. 

The  actual  figures  from  Trial  15  of  the  above-mentioned  report 
gave— 

Heat  taken  in  by  dry  air  =  3474  B.Th.U.  per  hour 
„  „         vapour  =  4970         „  „ 

The  diagram  in  Fig.  152  (taken  from  the  report  referred  to  on  p. 
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266),  gives  the  heat  contents  of  i  Ib.  air  at  various  temperatures  and 
the  heat  in  the  water  vapour  associated  with  it. 

From  this  diagram  the  heat-contents  of  i  Ib.  of  air  and  the 
associated  quantity  of  vapour  may  be  read  off  with  sufficient  accuracy 
for  all  practical  purposes  of  engine  testing.  Temperature  is  set  out 
horizontally.  At  any  temperature  /  an  ordinate  is  erected,  and  a  distance, 
/A,  is  set  out  to  represent  the  heat  contents  of  i  Ib.  of  dry  air  measured 
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FIG.   152. — Diagram  of  heat  contents  of  I  Ib.  air  saturated  with  water  vapour. 

from  32°  F.,  assuming  the  specific  heat  of  air  at  constant  pressure  to  be 
0*24.  Then  a  distance  AS  is  set  up  to  represent  on  the  same  scale  the 
heat  contents  of  the  steam  carried  by  the  air  when  completely  saturated 
at  /  degrees.  When  /  is  varied  the  locus  of  A  is  a  straight  line  passing 
through  32°  F.,  and  the  locus  of  S  is  a  curve  which  does  not  pass  through 
32°  F.,  and  whose  shape  depends  upon  the  properties  of  steam  as  given 
in  the  steam  tables. 

Thus,  /S  in  the  diagram  represents  the  heat  contents  of  i  Ib.  of  dry 
air  at  temperature  /  and  in  the  associated  quantity  of  water  vapour  when 
this  air  is  saturated  at  temperature  /.  Even  if  the  air  were  not  saturated 
with  vapour  and  the  dew-point  was  known,  the  computation  of  the 
heat  supplied  is  easily  obtained  from  the  diagram.  Thus,  as  an 
example,  suppose  the  air  temperature  is  55°  F.  and  the  dew-point 
49°  F.  Find  49°  F.  on  the  horizontal  axis,  and  draw  a  line,  S^,  parallel 
to  the  air  line  OA,  cutting  the  ordinate  at  55°  F.  in  S2;  then  /2A2  is  the 
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heat  brought  in  by  i  Ib.  dry  air  at  55°  F.,  and  A2S2  is  the  heat  brought 
in  by  the  water  vapour  mixed  with  the  air. 

Heat  brought  in  and  carried  away  by  Jacket  Water,  above  32°  F. 
—If  W  Ibs.  of  jacket  water  are  used  per  hour,  and  if  tt°  F.  and  /0°  F. 
are  the  inlet  and  outlet  water  temperatures  respectively,  then — 

Heat  brought  into  engine  per  hour  =  W(/t.  —  32)  B.Th.U. 
and,  Heat  carried  away  from  engine  per  hour  =  W(/0  —  32)  B.Th.U. 

Heat  carried  away  by  Exhaust  Gases,  above  32°  F.— When  the 
air  supply  is  measured  as  well  as  the  gas,  and  the  vapour  contents 
of  both  the  air  and  gas  are  known,  it  is  possible  to  make  an  approxi- 
mate calculation  of  the  heat  carried  away  by  the  exhaust  gases 
if  the  exhaust  gas  temperature  has  been  measured.  It  is  evident  that 
the  total  weight  of  exhaust  gases  would  be  equal  to  the  combined 
weight  of  the  entering  gas,  air,  and  water  vapour,  and  that  the  moisture 
or  water  vapour  contents  of  the  exhaust  gases  must  be  that  contained 
in  the  gas  and  air  supply  plus  that  formed  by  the  combustion. 

In  the  chemical  formula  for  water  (H2O)  two  atoms  of  hydrogen  are 
represented  as  being  united  with  one  atom  of  oxygen,  and  since  the 
atomic  weight  of  hydrogen  and  oxygen  are  i  and  1 6  respectively,  the 
combination  H2O  can  therefore  be  represented  in  weight  by  the  value 
(2  +  1 6)  =  T 8.  Referring  to  the  chemical  equations  a,  b,  c,  d,  p.  266, 
the  relation  between  the  weight  of  oxygen  used  and  the  weight  of 
water  vapour  formed  by  combustion  is  easily  calculated.  For  example, 
in  equation  a,  the  4  atoms  of  oxygen  can  be  represented  by  a  weight 
4X16,  and  the  corresponding  weight  of  water  vapour  produced  is  then 
represented  by  2  x  18. 

Hence,  from  equation  a — 

Weight  of  water  vapour  formed  _  2  x  18  __ 
Weight  of  oxygen  used  4X16 

Similarly,  from  equation  b— 

Weight  of  water  vapour  formed  _  2  x  1 8  _ 

Weight  of  oxygen  used  6  x  16         *" 

and  from  equations  c  and  d  the  similar  ratios  are — 

2  x  18  ,o 

— 7  =  i  *  1 2  q  and  -     — 7  =  o 
2  x  16  2  x  16 

In  column  3,  p.  266,  the  total  volume  of  oxygen  required  for  the 
complete  combustion  of  100  volumes  of  the  coal  gas  is  shown  to  be 
(105-62  -f-  0-27)  =  105-9  volumes,  and  for  our  present  purpose  it  could 
be  assumed  that  these  values  of  oxygen  are  proportional  to  the  weights 
of*  oxygen  required  for  the  constituent  gases.  The  weight  of  water 
vapour  formed  would  therefore  be  represented  to  the  same  scale  by 
the  values  given  in  the  following  table  : — 
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Chemical  symbol. 

Weight  of  oxygen 
required. 

Weight  of  water  vapour  formed. 

CH4  .  .  .  . 
C2H<.  .  .  . 
H2  .... 
CO  .... 

67-46 
I4-22 
20-64 

3'57 

67-46  x  0-563  =  38-0 
14-22  x  0-375  =    5-32 
41-29  x  1-125  =  46-4 

105-89 
-0-27 

89-72 

105-62 

The  weight  of  air  which  contains  105*62  weight  units  of  oxygen  is 
105-62  X  ^  =  459;  hence  the  weight  of  steam  formed  by  combustion 

=    9-  X  (weight  of  dry  air  theoretically  required  for  complete  com- 

459 
bustion). 

Let    te   =  temperature  of  exhaust  gases  leaving  engine,  °  F. 
we  =  weight  of  dry  exhaust  gases  per  hour,  Ibs. 
ws   =          „       vapour  in  exhaust  gases  per  hour,  Ibs. 
/,   =  temperature  at  which  the  gases  would  become  saturated  with 

the  above  quantity  of  water  vapour. 
se   =  specific   heat   of  dry   exhaust   gases   at   constant   pressure, 

B.Th.U.  per  Ib.  per  °  F.1 

0*5  =  specific  heat  of  superheated  steam,  B.Th.U.  per  Ib.  per  °  F. 
L,   =  latent  heat  of  steam  at  ts°  F.,  B.Th.U.  per  Ib. 
Then— 

we  =  weight  of  dry  gas  supply  -f  weight  of  dry  air  —  weight  of 

water  vapour  formed  by  combustion 
and — 

ws  =  weight  of  water  vapour  in  gas  and  air  supply  -f-  weight  of 
water  vapour  formed  by  combustion 

Total  heat  in  exhaust  gases  above)  _  [^V*'e(4~~32)4-  {°"5('«~  0  + L,+/, 
heat  contents  at  32°  F.  |  - 32}  wg]  B.Th.U.  per  hour 

Direct  Measurement  of  the  Heat  in  Exhaust  Gases,  above  32°  P.— 
A  convenient  type  of  exhaust  gas  calorimeter  introduced  by  Professor 
B.  Hopkinson  allows  water  to  be  injected  into  the  calorimeter  so  as 
to  come  into  direct  contact  with  the  exhaust  gases,  the  water  being 
thereby  heated  and  the  exhaust  gases  cooled.  On  leaving  the  calori- 
meter the  water  used  would  be  measured  in  a  calibrated  measuring 
vessel  or  weighing  tank ;  the  inlet  and  outlet  temperatures  of  the  water 
and  gases  would  also  be  obtained  as  accurately  as  possible.  A  con- 
venient form  of  calorimeter  used  by  the  Committee  on  the  Efficiency 
of  Internal  Combustion  Engines  (reference  p.  2  66)  is  shown  in  Fig.  153. 

It  will  be  observed  that  this  calorimeter  was  directly  connected  to 

1  The  specific  heat  varies  somewhat  with  temperature. 

T 
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the  exhaust  flange  on  the  engine.  The  gases  came  in  contact  with 
the  jet  of  water  issuing  from  the  nozzle  R,  and  the  gas  and  water 
afterwards  leave  the  calorimeter,  the  gas  by  the  pipe  E  and  the  water  by 
the  drain-pipe  D  as  shown.  The  injection  water  was  first  led  into  the 
calorimeter  water  jacket  round  the  exhaust  flange  connection,  and  then 


FLOOR  LEVEL 


FIG.   153. — Gas-engine  exhaust  calorimeter. 


entered  the  jet  R ;  on  leaving,  the  water  was  measured  in  the  vessel  as 
represented  diagrammatically  in  Fig.  149,  p.  260.  In  the  design  of  an 
exhaust  calorimeter  care  should  be  taken  to  see  that  the  thermometers 
used  to  measure  the  water  temperatures  should  have  the  bulbs  com- 
pletely immersed,  and  the  gas  should  leave  without  carrying  away  water 
particles,  though  it  would  probably  be  saturated  with  water  vapour. 
Let  we  =  weight  of  dry  exhaust  gases,  Ibs.  per  hour. 

wc  =          „       water  vapour  in  exhaust  gases  leaving  the  calori- 
meter, Ibs.  per  hour. 

/,.  =  temperature  of  gases  leaving  calorimeter,  °  F. 
W  =  weight  of  water  leaving  calorimeter,  Ibs.  per  hour. 
A   =  inlet  temperature  of  water  at  calorimeter,  °  F. 
/2  =  outlet          „  „  „  „  „ 

se  =  specific  heat  of  dry  exhaust  gases  at  constant  pressure, 

B.Th.U.  per  Ib.  per  °  F.1 

Lc  =  latent  heat  per  Ib.  steam  at  4°  F.,  B.Th.U.  per  Ib. 
The  amount  of  water  vapour  wc  required  to  saturate  the  exhaust 
gases  at  the  exit  temperature  tc  can  be  calculated  as  if  the  gases  were 
air  (see  p.  268),  and  this  vapour  might  or  might  not  J^e  greater  than 
that  in  the  gases  as  it  enters  the  calorimeter,  but  the  difference  is  cal- 
culable if  w,  (p.  273)  has  been  previously  calculated. 

Then- 
Total  heat  carried  away  from 
calorimeter     by     exhaust 
gases,  above  32°  F.  per  hour 

Heat      in     water      entering       (w+)(/)RTLUerhour 

calorimeter  above  32   F.      j 

Heat       in      water       leaving^  =  w/^  _  32)  B.Th.U.  per  hour 
calorimeter  above  32    F.     / 


1  The  specific  heat  varies  somewhat  with  temperature. 
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Heat  converted  to  Work. — The  heat  equivalent  of  the  work  done 
per  hour  at  the  engine  piston  is — 


I.H.P.  X  33,000  X  60 
778 


I.H.P.  x  2545  B.Th.U.  per  hour. 


Owing  to  the  unreliability  of  the  ordinary  gas-engine  indicator  and  the 
much  greater  degree  of  accuracy  to  which  the  brake  horse-power  can  be 
measured,  some  experimenters  prefer  to  calculate  the  heat  equivalent 
of  the  work  done  at  the  brake  or  crank-shaft,  and  to  include  the  heat 
equivalent  of  the  frictional  work  in  the  heat  lost  by  radiation. 

Heat  lost  by  Radiation. — On  the  assumption  that  all  the  measure- 
ments are  fairly  accurate,  the  loss  by  radiation  would  be — 


Total  heat  enter-] 
ing  engine  and  [ 
calorimeter 


(Total  heat  leav- 
ing calorimeter 
by  gas  and  water 


Heat  carried 

away  by 
jacket  water 


Heat  con- 
verted to  work 
at  engine 


If  a  series  of  tests  at  different  loads  were  made  with  approximately 
the  same  jacket  temperatures,  the  heat  lost  by  radiation  should  be 
nearly  the  same  at  all  loads.  A  comparison  of  the  calculated  apparent 
radiation  losses  at  the  different  loads  forms  a  check  on  the  accuracy  of 
measurements  for  any  one  test,  though  it  should  be  kept  in  mind  that 
the  apparent  radiation  losses  may  show  considerable  variations  on 
account  of  the  small  proportion  which  the  radiation  losses  bear  to  the 
total  heat  supplied  to  the  engine. 

In  order  to  illustrate  the  character  of  the  measurements  and  calcula- 
tions which  are  required  for  a  complete  statement  of  the  heat  supply 
and  heat  losses  such  as  have  been  described  in  the  preceding  pages, 
the  results  tabulated  below  have  been  copied,  with  suitable  modifica- 
tions, from  the  committee's  report  mentioned  on  p.  266. 


FULL  LOAD  TEST,  USING  ASHTON  TOWN'S  GAS. 
Diameter  of  cylinder ,  14  inches.     Stroke,  22  inches. 

Clearance  volume _  i  _  o<Igg 

Clearance  volume  +  Stroke  volume  ~~  r 

Test  number 15 

I.H.P 56-3 

B.H.P 527 

Mechanical  efficiency  1 0-94 

Gas  per  I.H.P  per  hour,  cubic  feet 1 13-94 

Gas  per  B.H.P.      „  „  I4'9 

Ratio  by  volume  of  air  to  gas  in  explosive  charge 8-27 


I.  Difference  between  wet  and  dry  bulb  thermometers 


3°F 


2.  Glaisher's  factor 1*9 

3.  Dew-point,  °  F STI 

'•  Some  difficulty  was  experienced  in  measuring  I.H.P.  owing  to  erratic  indicator 
results.     The  actual  mechanical  efficiency  would  be  less  than  value  given. 
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4.  Temperature  of  air  by  dry  bulb,  °  F 56*8 

5.  Pressure  of  steam  at  dew-point,  Ibs.  per  sq.  in.  from  tables     .      0*184 

,      .  inches  height  of  barometer  .. 

6.  Atmospheric  pressure  =•  -—  —  Ibs.  sq.  in.     14*74 

2*04 

7.  Pressure  of  dry  air  at  anemometer 14*56 

8.  Volume  of  I  Ib.  dry  air,  cubic  feet  at  56*8°  F.  and  14-56  Ibs. 

sq.  in.      .     .     ._ 13-13 

9.  Volume  of  dry  air  entering  per  hour,  by  anemometer,  cubic 

feet 7664 

10.  Weight  of  dry  air  entering  per  hour,  Ibs.  =  ^     -. 583-7 

line  o 

11.  Weight  of  steam  associated  with  i  Ib.  dry  air  at  dew-point, 

line  8 

Ibs.  =  -      — -j : — 0-00776 

steam  density 

12.  Weight  of  steam  brought  in  by  air  per  hour,  Ibs.  =  line  10  x 

line  ii     .          4-53 

13.  Total  heat  of  I  Ib.  steam  at  pressure  0*184  Ib.  sq.  in.  absolute, 

above  water  at  32°  F.,  B.Th.U ."    .       1097 

14.  Temperature  of  exhaust  gases  leaving  calorimeter,  °  F.  .     .     .     87-6 

15.  Weight  of  steam  in  each  Ib.  of  exhaust  gases,  saturated  at  87*6 

0  F.,  Ibs 0-028 

1 6.  Total  heat  of  steam  in  each  Ib.  of  exhaust  gases,  above  water 

at  32°  F.,  B.Th^U 31-3 

17.  Weight  of  water*produced  per  hour  by  combustion  of  gases, 

deduced  from  observations  made  with  Junker  calorimeter, 

Ibs 45*0 

1 8.  Density  of  gas  at   14-7  Ibs.  per  sq.  in.  and  32°  F.,  Ibs.  per 

cubic  foot 0*038 

19.  Cubic  feet  of  gas  supplied  per  hour  at  temperature  and  pres- 

sure of  observation 785 

20.  Weight  of  gas  supplied  per  hour,  assumed  to  be  dry  at  entry,  Ibs.    28-9 

21.  Total  weight  of  dry  exhaust  gases  per  hour,  Ibs.  =  line  10  4-  line 

20  —  line  17      .     .     .    • 567*5 

22.  Weight  of  steam  carried  away  per  hour  by  exhaust  gases,  Ibs. 

=  line  21  x  line  15 15*92 

23.  Observed  weight  of  cooling  water  leaving  calorimeter  per 

hour,  Ibs 4287 

24.  Weight  of  cooling  water  entering  calorimeter  per  hour,  Ibs.  = 

(line  23  +  line  22  —  line  12  —  line  17) 4253 

HEAT  ACCOUNT.  HEAT  BROUGHT  IN  PER  HOUR,  ABOVE  32°  F., 

B.TH.U. 

25.  By  combustion  of  gases,  using  lower  calorific  value  =  (B.Th.U. 

per  cub.  ft.  X  cub.  ft.  per  hour) 450,600 

26.  By  total  heat  of  steam  produced  by  combustion  =  (line  17  x 

total  heat  per  Ib.  steam  at  atmos.  temp,  above  water  at  32°  F.)  48,700 

27.  By  moisture  in  air  =  (line  12  x  line  13) 4,97° 

28.  By  dry  air  =  {line  10  x  (line  4  —  32°  F.)  x  0*24^ 3,474 

29.  By  calorimeter  water  supply  =  {line  24  x  (inlet  temp.  — 32°  F.)j  47,630 

30.  By  entering  gas  =  {line  20  x  (inlet  gas  temp.  —  32°  F.)  x  0-585  }  300 

31.  By  jacket-water  supply 12,290 

567,964 
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HEAT  ACCOUNT.    HEAT  CARRIED  AWAY  PER  HOUR,  ABOVE  32°  F., 

B.TH.U. 

32.  By  exhaust  gases  =  jline  21  x  (line  14  —  32°  F.)  x  o'239|     •  7>554 

33.  By  steam  in  exhaust  gases  =  (line  22  x  line  16) 17,790 

34.  By  calorimeter  water  =  { line  23  x  (outlet  temperature —32°  F.)}  257,700 

35.  By  jacket  water 124,700 

36.  By  heat  equivalent  of  B.H.P 134,100 

37.  By  remainder  radiation 26,120 

567,964 
HEAT  BALANCE  SHEET. 


B.Th.U. 

Per  cent. 

38.  Heat  of  combustion,  lower  calorific  value  =  line  25 

450,600 

100 

|(line  32  +  line  33  +  line  34)  —  (line  26) 
+  line  27  +  line  28  +  line  29  +  [ 
line  30)    . 

177,970 

39'5 

40.  Jacket         „      —  line  35  —  line  31   

1  12  AIO 

2C*o 

41.  Radiation         —  line  37     

26,120 

c-8 

42.                                              Total  waste      

-5  16  coo 

7O'3 

/Heat    converted    to    work\       ,- 

T  'lil   TOO 

2Q'7 

1    \     equivalent  to  brake  H.PJ 

1  j4j1(-AJ 

*y  / 

THERMAL  EFFICIENCY. 

/Absolute  thermal  efficiency"!  _  line  43 
44-  \     reckoned  on  B.H.P.          J~  Hn^8  X 

45.  Absolute  thermal  efficiency  reckoned  on  I.H.P.  . 

[Thermal  efficiency  of  air  standard  engine} 

46.  J  /i\°'4[. 
[       calculated  as  on  p.  21=17  =  1—  (-1     J 

47.  Relative  efficiency  from  B.H.P.  =  -  -  ~  x  100. 

line  46 


.o 
48. 


T  TJ  p    _  lne  45 
I.H.P.  -- 


297    per  cent. 
3  J  "        » 

o'49      » 


Tno 
loo. 


.    .  6ro 
.    .  65^0 


Further  Results  of  Gas-Engine  Tests. — The  following  remarks  are 
intended  to  describe  the  character  of  the  results  to  be  expected  from  a 
series  of  gas-engine  tests.  Fig.  154  refers  to  the  results  of  experiments 
made  by  Mr.  D.  Clerk  on  a  "  National "  gas  engine  using  coal  gas,  and 
reported  in  his  Cantor  Lecture1  in  1905.  These  show  that  the  cut-out 
or  hit-and-miss  method  of  governing  a  gas  engine  is  the  most  economica 
method  as  regards  gas  consumption.  It  is  well  known  that  cut-out 
governing  gives  a  straight-line  connection  between  the  gas  consump- 
tion and  the  power  developed,  provided  that  the  calorific  value  of  the 

1  Jour.  Society  of  Arts,  1905,  vol.  53,  p.  870. 
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gas  is  practically  uniform,  even  though  this  is  not  clearly  indicated  by 
the  black  points  in  the  diagram. 

In  the  "  Third  Report  of  the  Gas  Engine  Research  Committee  " 
(see  p.  264  for  reference),  the  results  of  a  large  number  of  tests  on  a 
specially  built  Premier  scavenging  gas  engine  using  producer  gas  were 
reported  by  Professor  Burstall.  The  engine  was  single-acting,  having 


350 


B.H.P. 

FIG.   154. — Comparison  of  gas  consumptions  with  various  methods  of  governing. 
Engine  using  coal  gas. 

a  cylinder  diameter  of  20  ins.  and  a  stroke  of  24  ins.,  and  when 
running  at  170  revolutions  per  minute  was  capable  of  developing 
150  I.H.P.  The  experiments  were  undertaken  to  determine  the 
thermal  efficiencies  based  on  the  indicated  horse-power  at  various 
compressions,  having  regard  to  the  richness  of  the  mixture.  Thus  at 
each  compression  ratio  a  series  of  tests  was  made  with  different  gas 
mixtures.  The  experiments  were  very  carefully  conducted,  though 
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the  difficulties  to  be  encountered  in  making  elaborate  tests  on  an  engine 
of  this  size  are  much  greater  than  in  small  engines. 

The  diagrams  in  Figs.  155  and  156  show  some  results  deduced  by 
the  writer  from  Professor  Burstall's  tests.  In  Fig.  155  the  total  heat 
supplied  per  hour  at  170  revolutions  per  minute  is  shown,  plotted  on 
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Mean,   Effective   F*ress.,L1>s.  sq.  in. 
FlG.  155. — Results  of  gas-engine  tests  with  producer  gas. 

a  mean  effective  pressure  (M.E.P.)  base  for  the  series  of  tests  C,  D,  F, 
J,  and  Q,  and  the  following  table  gives  the  compression  ratios  which  were 
adopted  in  the  several  series  of  tests  : — 

Test  series     ....      A          B          C          D          F          J          Q 
Ratio  of  compression    8^07       7-65      7-22      679      6*20     5*45      4*36 

Smooth   curves   have   been   drawn   through  the  plotted  points  in 
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Fig.  155  as  a  series  of  light  full  lines,  and,  although  the  fewness  of  the 
available  points  introduces  some  uncertainty,  these  curves  most  probably 
illustrate  the  general  nature  of  the  relations  between  the  total  heat 
supply  and  the  mean  effective  pressure  (M.E.P.).  Since  there  were  only 
two  tests  published  in  both  of  the  series  A  and  B,  these  have  not  been 
shown  on  the  diagram,  whilst  series  C  are  seen  to  be  very  erratic. 

By  selecting  a  series  of  points  on  the  curves  and  tabulating  the 
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FIG.  156. — Results  of  gas-engine  tests  with  producer  gas. 

values  of  the  total  heat  consumed  per  hour,  together  with  the  M.E.P.'s 
and  the  corresponding  I.H.P.'s  at  170  revolutions  per  minute,  the  values 
of  the  heat  supply  per  I.H.P.  hour  were  calculated  for  each  point,  and 
are  shown  plotted  as  the  heavy  full-line  curves.  The  lowest  points  on 
these  curves  indicate  the  most  economical  or  best  M.E.P.  (referred  to 
the  heat  per  I.H.P.  hour)  for  the  various  compression  ratios,  and  the 
dotted  curve  X  is  intended  to  show  how  the  heat  per  I.H.P.  hour 
varies  with  the  most  economical  M.E.P.  Although  the  results  are  only 
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tentative  and  cannot  be  taken  as  conclusive  data  to  be  applied  under 
all  conditions,  the  nature  of  the  results  is  definitely  indicated  by  the 
curves. 

On  selecting  the  most  economical  or  best  M.E.P.'s  and  the  corre- 
sponding values  of  heat  per  I.H.P.  hour  from  Fig.  155,  these  can  be 
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FIG.  157.— Gas-engine  tests  compared  with  ideal  thermal  efficiencies.  Mr.  D. 
Clerk's  remarks  on  "Third  Report  of  the  Gas-Engine  Research  Committee," 
Inst.  Meek.  Eng.,  1908. 

plotted  on  a  ratio  of  compression  base,  as  shown  in  Fig.  156,  from 
which  it  is  evident  that  there  is  no  indication  of  any  approach  to  a  most 
economical  compression  ratio.  Some  difficulty  was  experienced,  how- 
ever, at  the  higher  compression  ratios  during  the  experiments  on  account 
of  the  high  compression  tending  to  induce  pre-ignition  of  the  gas  charge. 
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In  the  discussion  of  the  above-mentioned  report,  Mr.  D.  Clerk 
compared  the  thermal  efficiencies  obtained  by  Professor  Burstall  with  the 
ideal  efficiencies,  and  the  comparisons  are  given  in  diagrammatic  form 
in  Fig.  157.  The  points  A,  B,  C,  D,  F,  J,  Q  represent  the  average 
thermal  efficiencies  obtained  by  Professor  Burstall  for  the  respective 
series,  and,  neglecting  the  points  C  and  D,  the  heavy  dotted  line  i  can  be 
taken  to  represent  a  fair  curve  through  the  points.  From  previous  tests 
made  by  Mr.  Clerk  on  an  engine  of  about  the  same  dimensions,  he 
deduced  that  the  results  ought  not  to  be  far  from  the  values  obtained  by 
multiplying  the  air  standard  efficiencies  for  the  various  compression  ratios 

by  071,  viz. {i  —  f~Y  I/°'7I>  an(*  tnese  are  shown  by  the  full  heavy 

line  3. 

In  a  paper  read  before  the  Institution  of  Civil  Engineers  in  1907, 
vol.  clxix.,  Mr.  Clerk  describes  how  he  deduced  the  apparent  specific 
heat  of  the  actual  working  fluid  by  repeatedly  compressing  and  expand- 
ing the  hot  products  of  combustion  in  the  gas-engine  cylinder,  keeping 
all  the  valves  closed  during  the  experiment.  The  thin  full  line  4  shows 
the  curve  of  efficiency  with  varying  compression  ratios  if  the  working 
fluid  had  the  same  properties  and  no  loss  of  heat  whatever  occurred 
to  the  cylinder  or  enclosing  walls.  In  the  same  paper  it  was  shown 
that  the  actual  thermal  efficiency  attained  by  the  engine  investigated 
was  found  by  multiplying  the  ideal  efficiency  of  the  actual  work- 
ing fluid  by  o'88,  and  the  light  full  line  5  gives  the  values  of  curve  4 
multiplied  by  0*88.  It  would  be  apparent  that  the  series  C  and  D 
were  subject  to  some  discrepancy,  and  they  illustrate  how  even  well- 
conducted  experiments  are  liable  to  serious  errors  unless  carefully 
checked. 

The  author  has  not  thought  it  desirable  to  introduce  any  further 
discussion  relating  to  the  application  of  the  temperature-entropy  dia- 
gram to  internal  combustion  engines,  on  account  of  the  lack  of 
information  regarding  the  actual  thermal  properties  of  the  gases  in 
the  cylinder  at  high  temperatures.  A  committee  of  the  British  Associa- 
tion is  investigating  the  subject  of  the  thermal  properties  of  gases  at 
high  temperatures.1 

1  Brit.  Assoc.  Report,  1908,  1909,  and  1910. 


CHAPTER    XII 
TESTING    OF  GAS  PRODUCERS 

PRODUCER  gas  is  used  for  many  purposes,  but  principally  for  the  heating 
of  furnaces  and  for  the  driving  of  gas  engines.  A  detailed  description  of 
the  various  types  of  producers  is  outside  the  scope  of.  this  present  work, 
but  a  brief  consideration  of  the  theory  of  action  might  be  of  some 
advantage. 

With  the  ordinary  types  of  producers,  solid  fuel  in  the  form  of  coal 
or  coke  is  fed  into  the  top  of  the  producer  ;  air  and  steam  are  usually 
supplied  at  the  bottom,  and  the  chemical  action  between  the  fuel,  air, 
and  steam  produces  a  combustible  gas,  whilst  the  ashes  and  clinker 
gravitate  to  the  bottom  of  the  producer  and  can  be  removed  periodically. 
Although  the  detail  arrangements  and  'the  treatment  of  the  gas  after 
leaving  the  producer  differ  for  the  various  types  of  producers  according 
to  the  character  of  the  fuel  and  the  use  to  which  the  gas  is  put,  the 
chemical  reactions  inside  the  producer  are  much  the  same  in  all  types. 
The  most  important  constituent  of  the  common  fuels  is  carbon.  If  an 
abundant  supply  of  air  were  passed  through  a  shallow  bed  of  burning 
fuel,  the  carbon  would  completely  unite  with  some  of  the  oxygen  of  the 
air,  forming  carbon  dioxide  according  to  the  chemical  equation  — 


(i) 


The  heat  which  would  be  generated  by  this  combustion  process 
would  of  course  raise  the  gases  to  a  high  temperature.  If  the  bed  of 
fuel  were  deep,  the  above-mentioned  combination  would  probably  take 
place  in  a  more  or  less  complete  manner  on  the  first  contact  with  the 
fuel,  but  in  passing  through  the  deep  bed  of  fuel  the  greater  portion  of 
the  hot  carbon  dioxide  would  react  with  the  hot  carbon,  and  would  form 
carbon  monoxide  according  to  the  equation  — 

C02  +  C  =  2CO     ......     (2) 

This  latter  reaction  would  absorb  a  portion  of  the  heat  previously 
generated,  and  the  carbon  monoxide  would  leave  the  producer  as  a 
combustible  gas  mixed  with  the  nitrogen  from  the  air  •  but  the  gases 
would  still  leave  the  producer  at  a  high  temperature,  and  the  high 
temperatures  obtained  in  a  producer  working  under  these  conditions 
would  probably  be  sufficient  to  fuse  the  ash.  When  steam  is  supplied 
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with  the  air,  not  only  does  the  dissociation  of  the  steam  absorb  heat 
and  thereby  reduce  the  temperatures  and  increase  the  efficiency  of  the 
producer,  but  it  also  produces  a  gas  of  a  higher  calorific  or  heating  value 
per  unit  of  volume.  The  high  temperature  zone  in  the  producer  is 
therefore  capable  of  dissociating  the  steam  into  hydrogen  and  oxygen, 
the  hydrogen  forming  a  portion  of  the  combustible  gas,  and  the  oxygen 
uniting  with  carbon  to  form  carbon  monoxide  or  carbon  dioxide.  These 
reactions  between  the  steam  .and  carbon  are  expressed  by  — 


2H2O  +  C  =  2H2  +  CO2       .....     (4) 

Either  of  these  reactions  is  accompanied  by  an  absorption  of  sensible 
heat,  but  for  local  producer  temperatures  higher  than  about  1800°  F. 
experiment  seems  to  show  that  the  reaction  occurs  principally  according 
to  equation  3,  whilst  with  local  temperatures  below  1100°  F.  equation  4 
mainly  expresses  the  reaction,  and  between  these  two  temperatures  both 
take  place  according  to  circumstances. 

Besides  the  chemical  reactions  so  far  described,  there  are  certain 
subsidiary  combinations  which  partially  occur  according  to  the  local 
producer  temperatures  and  the  local  constitution  of  the  gases  in  the 
producer.  For  example,  some  of  the  carbon  monoxide  and  carbon 
dioxide  may  react  as  follows  :  — 

CO  +  H20$C02  +  H2  .....     (5) 

The  arrows  indicate  the  possibility  of  the  reaction  taking  place  in 
either  direction  according  to  local  conditions  as  regards  the  temperature 
and  constitution  of  the  gases. 

In  addition  to  the  fixed  carbon  in  ordinary  coal,  there  are  also  present 
more  or  less  of  hydrocarbons,  which  are  distilled  off  by  the  heat  in  the 
producer.  Some  of  the  hydrocarbons  may  be  split  up  into  carbon  and 
hydrogen  by  the  action  of  the  heat,  but  some  portions  generally  pass 
away  from  the  producer  as  tarry  vapours  and  become  condensed  into 
tarry  matter  on  the  subsequent  cooling  of  the  gases.  Anthracite  and 
coke  contain  but  a  comparatively  small  proportion  of  hydrocarbons, 
whereas  bituminous  coal  contains  a  fairly  large  proportion.  If  the 
producer  gas  were  intended  for  the  heating  of  furnaces  which  are  not 
too  far  from  the  producer,  the  condensable  hydrocarbon  gases  or  vapours 
are  an  advantage  in  enriching  the  gas,  but  for  gas-engine  work  it  is 
necessary  to  wash  the  gas  to  obviate  the  clogging  of  the  valves  and 
passages  by  the  condensed  tarry  vapours.  Anthracite  and  coke  are 
therefore  largely  used  in  small  producers  for  gas-engine  work,  as  it 
simplifies  the  gas-cleaning  portions  of  the  plant  ;  but  for  large  producers 
bituminous  coal  is  extensively  used,  with  special  washing  plant  to  get 
rid  of  most  of  the  condensable  vapours  before  the  gas  passes  to  the 
engines. 

In  large  installations  of  the  Mond  type  of  producer,  a  large  excess 
of  steam  is  usually  supplied  with  the  air,  so  as  to  keep  the  producer  tem- 
peratures down  to  a  point  at  which  the  ammonia  in  the  fuel  can  be 
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preserved,  the  ammonia  passing  away  with  the  gases  and  utilized  to 
produce  ammonium  sulphate  as  a  by-product.  Elaborate  arrangements 
are  provided  on  the  regenerative  principle  for  the  recovery  of  some  of 
the  waste  heat  from  the  gases  and  from  the  excess  steam  after  these  leave 
the  producer. 

Large  gas  producers  are  usually  operated  under  a  pressure  slightly 
above  that  of  the  atmosphere,  the  air  being  forced  into  the  system  by 
suitable  blowers  or  by  steam  jets,  special  boilers  being  generally  used  to 
supply  the  steam.  Suction  gas  producers  are  operated  by  the  action  of 
the  gas  engine  on  the  suction  strokes,  whereby  the  air  and  steam  are 
drawn  through  the  producer,  which  therefore  works  under  a  slight  vacuum. 
Anthracite  or  coke  is  the  most  suitable  fuel  for  suction  gas  plants, 
though  some  makers  now  claim  to  be  able  to  utilize  bituminous  fuel  in 
this  type  of  producer.  For  further  information  on  the  theory  and  action 
of  producers  reference  might  be  made  to  the  book  on  "  Producer  Gas  " 
by  Dowson  and  Larter. 

Producer  Efficiency. — The  over-all  heat  efficiency  of  a  gas  producer 
refers  to  the  ratio — 

Total  heating  value  of  gas  produced 
Total  heating  value  of  fuel  consumed 

This  efficiency  may  have  different  values  according  to  the  con- 
ditions under  which  the  plant  is  supposed  to  operate,  that  is,  the  efficiency 
might  be  based  upon  the  higher  or  the  lower  heating  value  of  the 
cold  gas  or  upon  that  of  the  hot  gas  leaving  the  producer.  Also,  where 
separate  boilers  are  used  to  supply  steam,  the  fuel  or  gas  burned  in 
raising  the  steam  ought  to  be  taken  into  account,  which  would  really 
mean  the  inclusion  of  the  boilers  as  a  part  of  the  producer  plant.  When 
considering  heat  efficiency  no  account  is  taken  of  any  by-products, 
such  as  those  obtained  from  the  Mond  type  of  plant  with  ammonia 
recovery. 

The  most  direct  method  of  finding  the  heat  efficiency  of  a  producer 
would  be  to  weigh  the  fuel  consumed,  to  measure  the  quantity  of  gas 
produced,  and  to  obtain  the  calorific  value  of  the  fuel  and  gas  by 
burning  samples  in  suitable  calorimeters.  An  indirect  method  which 
is  generally  used  to  estimate  heat  efficiency  is  based  upon  the  chemical 
analysis  and  calorific  values  of  the  fuel  and  gas. 

In  estimating  the  consumption  of  fuel  in  a  gas  producer,  a  consider- 
able amount  of  difficulty  occurs  with  regard  to  the  character  and  amount 
of  the  fuel  in  the  producer  at  any  particular  time,  and  unless  the  test 
is  made  of  sufficient  duration  the  errors  involved  might  prove  to  be  a 
large  proportion  of  the  estimated  fuel  consumption.  If  the  duration  of 
a  test  could  be  arranged  to  be  not  less  than  that  required  to  consume 
an  amount  of  fuel  equal  to  about  ten  times  the  capacity  of  the  producer, 
an  error  of  one  quarter  of  the  producer  capacity  as  between  the  starting 
and  finishing  conditions,  due  to  accumulation  of  ashes  and  clinker,  or 
due  to  errors  of  level,  would  involve  an  error  of  about  two  and  a  half  per 
cent.,  and  therefore  this  might  be  taken  as  giving  a  reasonable  duration 
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for  a  test;  but  if  the  conditions  could  be  kept  uniform,  and  if  it  were 
fairly  certain  that  the  contents  in  the  producer  at  the  finish  of  the  test 
were  substantially  the  same  as  at  the  start,  the  duration  of  the  test 
might  be  shortened  considerably.  A  small  producer  might  be  tested 
on  a  suitable  weighing  machine,  using  a  special  water-seal  pot  between 
the  producer  and  the  scrubber  so  that  the  producer  could  be  accurately 
weighed  at  any  time  during  the  test.  By  this  arrangement  the  duration 
of  a  test  could  be  reduced  to  two  or  three  hours  after  steady  conditions 
were  obtained.  Unless  a  test  was  intended  to  include  the  start  from 
the  cold  condition,  the  observations  should  not  be  commenced  until 
the  conditions  are  fairly  steady,  and,  especially  with  large  producers, 
this  would  probably  require  a  period  of  several  hours  after  the  lighting 
of  the  producer,  with  the  load  arranged  at  that  required  for  the  test. 
The  rate  of  combustion  during  the  test  should  be  maintained  as  constant 
as  possible,  and  it  is  convenient  to  maintain  a  fairly  constant  level  of 
fuel  in  the  producer,  which  level  may  be  estimated  by  passing  a  rod 
through  the  hole  at  the  top  of  the  producer  and  having  a  flat  end  to 
rest  on  a  portion  of  the  upper  surface  of  the  bed  of  fuel  when  making 
the  estimation  of  level. 

The  weighing  and  sampling  of  the  fuel  could  be  done  in  much  the 
same  manner  as  that  described  in  connection  with  boiler  testing  (p.  182), 
and  the  ashes  can  generally  be  raked  out  and  weighed  as  often  as  it  is 
found  to  be  convenient,  but  it  should  be  done  at  definite  intervals  so  as 
to  preserve  a  fairly  constant  relation  between  the  amount  of  ashes  and 
unconsumed  fuel  in  the  producer,  based  upon  the  percentage  of  ash  in 
the  fuel  as  determined  by  proximate  analysis. 

A  meter,  holder,  or  orifice  of  suitable  capacity  might  be  used  to 
measure  the  volume  of  gas  obtained  from  a  producer  as  described  on 
pp.  258  to  263  in  connection  with  the  gas  and  air  supply  to  engines,  but 
for  large  producers  such  methods  are  generally  inconvenient  and  in  some 
costly,  and,  although  liable  to  errors,  it  is  more  usual  to  calculate  the 
volume  of  gas  from  the  chemical  analysis  of  the  gas  and  fuel,  the  gas 
sample  being  obtained  at  the  producer  outlet.  The  calorific  value  of 
the  fuel  could  be  obtained  as  described  on  p.  297,  and  that  of  the  gas 
according  to  the  explanations  on  p.  304.  As  to  whether  the  higher  or 
the  lower  calorific  values  of  the  fuel  and  gas  should  be  used  in  the  heat 
calculations,  this  is  a  matter  of  opinion,  though  it  is  perhaps  more  in 
keeping  with  the  actual  working  conditions  of  gas  plant  to  take  the 
lower  calorific  values,  especially  as  it  is  usual  to  consider  the  lower 
values  to  apply  to  gas  engines  and  to  furnace  heating ;  but  in  any  case  a 
clear  statement  should  be  made  as  to  which  values  have  been  used  in 
calculating  heat  efficiencies. 

The  temperatures  of  the  air  and  the  steam  supply  and  of  the  gas 
leaving  the  producer  would  probably  be  measured,  although  not  really 
necessarv  for  the  calculation  of  the  cold-gas  efficiency. 

Let  W  =  weight  of  fuel  consumed,  Ibs.  per  hour. 

Q  =  volume  of  gas  produced,  cubic  feet  per  hour  at  32°F.  and 

30  ins.  mercury  pressure. 
V  =  volume  of  i  Ib.  gas  at  32°  F.  and  30  ins.  mercury,  cubic  feet. 
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C  =  calorific  value  of  fuel,  B.Th.U.  per  Ib.1 
m  =  calorific  value  of  gas,  B.Th.U.  per  standard  cubic  foot.1 
/„  =  inlet  temperature  of  air  supply,  °  F. 
tg  =  outlet  temperature  of  gas,  °  F. 

s  =  specific  heat  of  gas  at  constant  pressure,  B.Th.U.  per  Ib. 
per  °  F. 

Then, 

Qm 
Cold-gas  efficiency  = 

and, 

Hot-gas  efficiency  2  = 


~  we 

~        /     .  sensible  heat  in  gas  per  lb.\ 
=  Cold-gas  effiy.  x  (  i  +  -  — -/*- 

calonfic  value  of  gas  per  Ib./ 

Grate  Efficiency. — This  is  a  term  sometimes  used  to  express  the 
efficiency  of  the  grate  or  its  equivalent,  and  refers  to  the  ratio — 

Total  heating  value  of  fuel  fired  —  Heating  value  of  fuel  lost  in  ashes 
Total  heating  value  of  fuel  fired 

In  the  calculation  of  the  over-all  efficiency  of  a  producer  plant,  the 
air  temperature  ta  should  be  that  of  the  air  before  it  enters  any  regene- 
rative heater ;  and  the  gas  temperature  tg  would  be  taken  to  be  that  at 
the  exit  from  such  a  heater.  When  any  steam  passes  through  the  pro- 
ducer unchanged,  the  latent  heat  of  such  steam  would  be  neglected  in 
calculating  the  heat  stored  in  the  hot  gases,  provided  that  the  lower 
calorific  values  of  the  fuel  and  gas  were  used  in  the  calculations. 

The  volume  of  a  unit  weight  of  producer  gas  at  any  particular 
temperature  and  pressure  can  be  approximately  calculated  if  the  com- 
position and  density  of  the  gases  are  known,  or  by  comparing  the 
molecular  weights  of  the  gases  with  the  molecular  weights  of  the  con- 
stituents of  air.  The  following  example  illustrates  the  method  of  calcu- 
lation by  comparing  molecular  weights  : — • 

1  The  higher  or  the  lower  calorific  values  might  be  used  according  to  agreement 
between  those  responsible  for  the  test,  but  in  any  case  the  basis  of  the  calculations 
should  be  clearly  specified. 

2  To  be  more  precise,  if  the  producer  gas  contains  water  vapour,  the  value  of  the 
specific  heat  s  should  take  account  of  the  superheated  steam  in  the  gas,  besides  which 
the  latent  heat  of  the  vapour  ought  to  be  included.     Thus,  if  w  =  weight  of  water 
vapour  in  gas,  Ibs.  per  hour,  L  =  latent  heat  of  vapour,  B.Th.U.  per  pound — 


Hot-gas  efficiency  = 


Qm  +      (fg  -  O  +  - 


..    .  ,          ,      . 

otal  heat  per  hour  supplied  to  producer  by  fuel,  air  and  steam 
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1 

Producer  gas. 
Symbols. 

Mond  gas.     Per- 
centage composi- 
tion by  volume. 

Product. 
Volume  X  'molecular 
weight. 

Air.     Percentage 
composition  by 
volume. 

Product. 
Volume  X  molecu- 
lar weight. 

CO  ... 

13-8 

13-8  x  28  =   386 

_ 

_ 

H2    .     .     . 

24-3 

24-3  X     2  =       48-6 

— 

— 

CH4.     .     . 

2'0 

2-0  x  16  =      32-0 

— 

— 

C02.     .     . 

I3-9 

13-9x44=    6n 

— 

— 

0,    .    .    . 

O 

— 

21 

21  X  32  =     672 

N2    .     .     . 

46-0 

46  x  28  =  1290 

79 

79  x  28  =  2210 

100 

2367-6 

100 

2882 

It  follows  from  the  above  table  of  calculations,  that  the  weight  of  a 
unit  volume  of  air  at  the  same  temperature  and  pressure  as  the  above 
sample  of  gas  is  ffff  =1*22  times  the  weight  of  the  same  volume  of 
dry  gas.  The  volume  of  i  Ib.  air  is  calculable  from  the  expression 

PV 

—  =  53'i8(see  p.  268),  and  the  volume  of  i  Ib.   gas   of  the   above 

composition  would  therefore  be  1*22  times  the  volume  of  i  Ib.  air. 

The  approximate  specific  heat  of  the  dry  gas  could  also  be  calcu- 
lated from  the  percentage  composition  and  the  known  specific  heat 
of  the  several  constituents  by  the  method  described  on  p.  269;  or  the 
specific  heat  of  dry  producer  gas  of  normal  composition  could  be  taken 
to  have  a  value  of  about  0-3  at  constant  pressure. 

The  following  table  gives  the  calorific  values  at  constant  pressure  of 
the  various  combustible  constituents  of  producer  gas,  from  which  the 
calorific  value  of  a  gas  of  known  composition  may  be  calculated.  In 
some  cases  a  slight  shrinkage  occurs  after  the  combustion  of  producer 
gas  and  the  subsequent  cooling  to  the  initial  temperature,  which  is 
calculable  by  the  methods  explained  on  p.  268,  and  when  this  shrinkage 
occurs  the  calorific  value  at  constant  pressure  is  slightly  higher  than  at 
constant  volume,  on  account  of  the  small  amount  of  external  work 
done  on  the  gas  during  the  shrinkage  of  volume.  This  effect,  however, 
is  usually  negligible. 


Calorific  value,  B.Th.U.  per  cubic  foot  referred 
to  32°  F.  and  30  ins.  mercury. 


Higher  value. 
Water  vapour  condensed. 

Lower  value. 

Carbon  monoxide,  CO      .... 

342 

342 

Hydrogen,  H2      

347 

292 

Methane,  CH4     
Ethylene  C  H          .          ... 

1072 
1713 

963 
160^ 

To  illustrate  the  method  of  calculating  from  the  analysis  the  calorific 
value  of  a  gas,  the  weight  and  volume  of  gases  obtained  per  Ib.  fuel, 
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and  the  producer  efficiency,  take  the  following  sample  of  producer  gas 
as  an  example  : — 


Percentage 
composition  by 
volume.1 

Lower  calorific  value 
per  cub.  ft.  pro- 
ducer gas. 

Product. 
Volume  X  molecular 
weight. 

Carbon  weights 
to  same 
units.1 

CO  .     . 

22'0 

0-22  X  342  =  75'2 

22  X  28  =     6l6 

22  X   12  =  264 

H2  .     . 
CH4      . 

14-8 
3-0 

0^148  x  292  =  43*2 
0-03  x  963  =  28-9 

14-8  X     2  =       29-6 

3  x  16  =     48 

3X12=     36 

CO2      . 

8-0 

— 

8  X  44  =    352 

8  X   12  =     96 

N3   .     . 

52-2 

— 

52-2  x  28  =  1462 

— 

B.Th.U.  =  147*3 

2507-6 

396 

Lower  calorific  value  of  coal  used     =  13,600  B.Th.U.  per  Ib. 
Proportion  of  carbon  in  coal  used,  \ 
allowing  for  carbon  lost  in  ashes  / 


=  072 


The   cold-gas  efficiency  can  be   calculated   from   the  analysis   as 
follows  :  — 


1  Total  weight  of  gases  per  Ib.  carbon  = 
0-72  Ib. 


Ibs. 


X  ioo 


0-72  =4-56  Ibs. 

Volume  of  gas  per  Ib.  at  32°  F.|=  volume  air        ^      ^  (see      2g8) 
and  30  ins.  mercury  ) 

53-18  X  (461+32)       2882 
2116  2508 

=  14*21  cub.  ft. 
1  Total  volume  of  dry  gas  per  Ib.  coal  burned  =  14'  21  x  4*56 

=  64-9  cub.  ft. 

Cold-gas  efficiency  based  on  lower  calorific  i        64*9  x  147*3 
values  of  fuel  and  gas  )    "         13,600 

=  7°'  3  per  cent. 

In  this  case  the  producer  generated  its  own  steam  supply,  but  if  a 
separate  coal-fired  boiler  were  used  for  this  purpose,  the  coal  burned 
should  be  taken  into  account.  Thus,  in  the  above  example,  suppose  a 
separately  fired  boiler  for  the  steam  supply  had  consumed  q  Ibs.  of 
coal  for  each  pound  of  the  same  coal  used  in  the  producer  ;  the  cold- 

gas  efficiency  would  have  been  •  —  ,     /  —  -^_  —  <  X  ioo  per  cent. 

Producer  Losses.  —  The  various  heat  losses  which  occur  in  a  pro- 
ducer plant  may  be  enumerated  as  follows  :  — 

(i)  Sensible  heat  lost  by  gases  after  leaving  the  producer;  (2)  loss 
of  unconsumed  fuel  in  ashes  ;  (3)  excess  of  steam  supply  ;  (4)  deposit 
of  soot  and  absorption  of  combustible  gases  by  water  in  scrubbers; 
(5)  radiation  losses;  (6)  leakage  of  gas  out  of,  or  air  into,  the  system. 

1  The  sample  of  gases  should  be  collected  at  the  producer  outlet  before  the  gases 
pass  through  the  scrubber,  as  some  of  the  carbon  dioxide  and  hydrocarbons  are 
absorbed  in  the  scrubbers. 

U 
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The  sensible  heat  loss  only  really  applies  when  the  cold  gas 
efficiency  is  under  consideration,  and  it  is  then  represented  by  the 

expression  -•  .  s(tg  —  ta)  (see  p.  287  for  units).     This  assumes  that  the 

gases  are  cooled  to  atmospheric  temperature  before  being  used,  but  if 
the  gases  were  utilized  at  a  higher  temperature  than  4,  such  temperature 
might  then  be  substituted. 

The  loss  of  unconsumed  fuel  in  the  ashes  would  be  practically  all 
in  the  form  of  carbon.  To  estimate  this  unconsumed  carbon,  a  ground 
sample  of  the  ashes,  obtained  as  described  on  p.  192  in  connection  with 
boiler  tests,  might  be  placed  in  a  weighed  porcelain  crucible  and  heated 
in  the  manner  described  on  p.  293  in  dealing  with  the  estimation  of  the 
ash  in  the  fuel. 

Let  w  =  weight  of  empty  crucible. 

Wj  =       „  „  „       +  dry  sample  of  ashes. 

W2  =       ,,  ,,  „       +  ashes,  after  intense  heating. 

M   =  total  weight  of  dry  ashes,  clinker,  etc.,  obtained,  Ibs.  per  hour. 
Then  Wt  —  w  =  weight  of  sample  of  dry  ashes 

Wj  —  W2  =  weight  of  carbon  in  sample 

yj  ^y^ 

Total  weight  of  carbon  in  ashes  =  M  X  y^~^~ ~  Ibs.  per  hour 

Total  heat  loss  by  ashes  =  14,540  M^  __  ^  B.Th.U.  per  hour, 

where  14,540  is  the  calorific  value  of  i  Ib.  carbon  burned  to  carbon  dioxide. 

In  the  case  of  the  water-bottom  type  of  producers,  the  ashes  are 
usually  withdrawn  in  a  wet  condition,  and  therefore  they  should  be 
thoroughly  dried  before  weighing  and  sampling,  or  the  amount  of 
moisture  in  the  sample  of  wet  ashes  should  be  determined. 

When  steam  is  supplied  in  excess  of  that  required  for  the  actual  gas 
production,  some  of  the  steam  passes  through  unchanged,  and  since 
this  would  have  been  previously  generated  at  the  expense  of  heat  from 
the  fuel,  the  sensible  and  latent  heat  contents  might  represent  a  direct 
loss.  An  estimate  of  the  excess  steam  contained  in  the  gas  can  be 
made  over  any  period  of  time  by  drawing  a  measured  volume  through 
a  weighed  calcium  chloride  drying  tube,  taking  care  that  the  steam  is 
not  allowed  to  condense  before  reaching  this  tube.  This  sample  should 
be  taken  from  the  producer  outlet  pipe  before  the  gas  reaches  the 
scrubbers  or  coolers. 

If  the  amount  of  steam  supplied  to  the  producer  were  also  measured, 
an  estimate  of  the  amount  of  steam  dissociated  in  the  producer  could 
be  obtained  by  the  difference  between  the  steam  supply  and  the  steam 
excess  in  the  gases.1  In  the  case  of  pressure  producers  this  might  be 
obtained  by  measuring  the  water  supply  to  the  boiler,  if  this  could  be 
isolated,  or  by  using  a  calibrated  jet  orifice.  The  water  supply  to  the 
evaporator  of  suction  producers  is  most  easily  measured  by  means  of  a 

1  Calculating  from  the  analysis  of  the  gas  and  fuel  by  weight,  the  pounds  of  steam 
dissociated  per  Ib.  of  fuel  =  (weight  of  free  hydrogen  in  gases  per  Ib.  fuel  —  weight 
of  available  hydrogen  in  I  Ib.  fuel)  X  9. 
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calibrated  supply  vessel,  the  overflow  water  from  the  evaporator  being 
also  trapped  and  measured. 

The  heat  loss  due  to  the  deposit  of  soot  and  the  absorption  of 
hydrocarbon  combustible  gases  in  the  washers  or  scrubbers  is  usually 
included  in  the  radiation  losses,  but  an  estimate  can  be  made  by  analyzing 
gas  samples  taken  before  the  gas  enters  and  after  it  leaves  the  scrubbers. 

The  radiation  losses  are  expressed  as  the  difference  between  the  total 
heat  in  the  fuel  and  that  accounted  for  in  the  cold  gas  and  the  various 
losses  just  considered. 

The  outlet  gas  temperatures  should  be  measured  as  near  as  possible 
to  the  producer,  or  to  the  regenerative  air  heater  if  such  is  used.  Mercury 
thermometers  to  read  to  high  temperatures  (see  p.  68)  could  be  used 
for  the  purpose,  and  could  be  inserted  with  the  bulb  in  direct  contact 
with  the  gas.  The  platinum  resistance  thermometer,  or  the  thermo- 
junction  pyrometer  might  also  be  used  with  the  sheath  or  cover  in 
direct  contact  with  the  gas,  but  these  should  be  kept  free  from  deposits 
of  carbon  or  tarry  matter. 

Attempts  have  been  made  to  measure  the  temperatures  at  various 
positions  in  the  bed  of  the  fuel  by  inserting  sheathed  thermo-couples 
or  pyrometers  through  side  poking-holes,  or  through  special  holes 
introduced  for  the  purpose  of  the  test.  There  is,  however,  some 
difficulty  in  obtaining  accurate  results  owing  to  the  disturbing  action 
of  the  inserted  pyrometer ;  nor  is  it  advisable  to  leave  these  in  the  pro- 
ducer any  longer  than  is  just  necessary  to  obtain  a  constant  reading,  as 
they  would  interfere  with  the  passage  of  the  fuel  through  the  producer, 
and  might  cause  accumulations  of  clinker  if  left  in  for  continuous 
records,  besides  running  the  risk  of  getting  burned  out.  As  is  well 
known,  the  central  zone  of  burning  fuel  should  be  much  hotter  than 
the  fuel  in  contact  with  the  producer  lining,  and  therefore  the  pyro- 
meter should  be  inserted  well  into  the  bed  of  fuel  to  get  the  tempera- 
tures at  which  the  real  reactions  take  place. 

The  air  supply  to  an  ordinary  pressure  gas  producer  is  forced  into 
the  producer  under  a  pressure  of  from  one  to  two  feet  of  water  above 
the  pressure  of  the  atmosphere,  whilst  with  suction  producers  the  maxi- 
mum suction  in  the  gas  pipe  near  the  engine  might  be  about  one  foot 
of  water  below  atmospheric  pressure.  The  ordinary  U-shaped  mano- 
meter or  gauge  (Fig.  28,  p.  39)  is  suitable  for  measuring  these  pressures, 
except  that  where  a  suction  gas  engine  is  governed  on  the  hit-and-miss 
principle,  the  gas  pressure  may  show  considerable  fluctuations  at  light 
loads  on  account  of  the  erratic  nature  of  the  gas  suction.  It  then 
becomes  difficult  to  estimate  the  average  suction  pressure  in  the  system. 
The  direct  measurement  of  the  air  supply  to  a  producer  could  be 
conveniently  obtained  by  means  of  a  calibrated  orifice  as  described 
on  p.  262. 

In  a  producer  test  the  various  observations  would  be  made  and 
tabulated  in  much  the  same  manner  as  for  a  boiler  test,  so  that  special 
instructions  with  regard  to  this  matter  are  hardly  necessary. 

The  variable  conditions  under  which  a  producer  could  operate  can 
be  stated  as  follows  : — 
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1.  Rate  of  gas  production. 

2.  Character,  quality,  and  calorific  value  of  fuel. 

3.  Ratio  of  steam  to  air  supply. 

4.  Air-supply  temperature  at  producer  inlet. 

5.  Depth  of  fuel  in  producer  and  air  pressure. 

6.  Structural  alterations,   or   alterations   in   the   condition    of   the 
internal  walls  of  the  producer,  or  modifications  in  the  system  of  working 
the  producer  plant. 

It  is  quite  evident  that  these  conditions  are  all  independent  of  one 
another,  but  under  actual  working  operations  it  is  difficult  to  ensure 
uniformity  of  conditions  during  a  test,  and  even  more  difficult  to  secure 
this  on  different  days.  The  results  of  a  series  of  tests  might  therefore 
be  expected  to  show  some  irregularities,  and  thus  a  careful  note  ought 
to  be  taken  of  any  disturbing  circumstances  which  may  occur  during 
such  tests.  In  any  case,  it  is  not  advisable  to  vary  more  than  one 
independent  condition  between  different  tests  in  any  one  set  of  tests, 
unless  the  circumstances  happened  to  be  exceptional. 

It  is  a  common  practice  to  test  a  gas  producer  and  the  connected 
gas  engine  in  combination,  especially  with  suction  gas  plant,  the 
principal  object  being  usually  the  determination  of  the  coal  consumption 
per  brake  horse-power  at  loads  varying  from  a  light  load  to  full  load. 

Analysis  of  Fuel. — The  chemical  analysis  of  a  solid  fuel  may  consist 
of  either  the  "  ultimate  "  or  the  "  proximate  "  analysis.  The  ultimate 
analysis  refers  to  the  determination  of  the  separate  constituents,  such  as 
carbon,  hydrogen,  oxygen,  nitrogen,  sulphur,  ash,  and  moisture  ;  but  it 
is  seldom  required  for  ordinary  industrial  purposes.  It  also  requires  a 
considerable  amount  of  skill  in  the  manipulation  of  the  various  chemical 
apparatus,  which  can  only  be  obtained  after  some  lengthy  experience  in 
a  chemical  laboratory,  so  that  a  detailed  description  of  the  methods 
used  would  not  be  of  much  service.  The  "  proximate "  analysis, 
however,  is  more  simple,  and  is  generally  sufficient  to  enable  an 
estimate  of  the  character  of  the  fuel  to  be  made.  It  consists  in  the 
determination  of  the  moisture,  fixed  carbon,  volatile  combustible 
matter,  and  ash,  and,  for  some  purposes,  the  amount  of  sulphur  in 
a  fuel. 

The  usual  method  of  obtaining  a  sample  of  fuel  has  been  described 
on  p.  182.  About  \  Ib.  of  the  sample  should  be  ground  to  a  coarse 
powder  as  quickly  as  possible,  and  a  portion  of  this  should  then  be 
transferred  to  an  air-tight  bottle  for  the  determination  of  the  amount 
of  moisture  present. 

Moisture  in  Fuel. — The  percentage  weight  of  moisture  in  the 
specially  selected  sample  is  obtained  by  placing  one  or  two  grams  in  a 
covered  porcelain  crucible,  then  weighing  quickly  on  a  chemical  balance. 
The  crucible  would  then  be  immediately  placed  in  a  special  oven  and 
kept  for  an  hour  or  so  at  about  220°  R,  or  it  could  be  kept  for  about 
twenty-four  hours  over  concentrated  sulphuric  acid  in  a  vacuum  desic- 
cator. It  is  important  that  the  grinding  and  weighing  of  the  sample 
should  be  done  as  quickly  as  possible  to  prevent  excessive  evaporation 
of  some  of  the  moisture  previous  to  the  heating  process,  and  also  the 
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weighing  of  the  crucible  after  the  moisture  has  been  evaporated  should 
proceed  rapidly  to  reduce  the  amount  of  possible  absorption  from  the 
atmosphere.  The  difference  of  weight  before  and  after  heating  repre- 
sents the  amount  of  moisture  in  the  sample. 

Volatile  Matter. — To  determine  the  amount  of  volatile  combustible 
matter  and  ash,  it  is  best  to  prepare  an  air-dried  sample  in  a  finely 
powdered  condition.  This  could  be  prepared  by  subjecting  the  finely 
powdered  fuel  to  a  gentle  heat  for  some  time,  and  then  leaving  it 
exposed  to  the  atmosphere  of  the  room  until  its  weight  became  prac- 
tically constant.  One  or  two  grams  of  this  could  then  be  tested  for 
moisture  as  described  above.  Another  portion  of  this  sample,  one  or 
two  grams  weight,  could  then  be  used  for  the  determination  of  the 
volatile  combustible.  The  following  procedure  is  recommended  in 
the  "Report  of  the  Committee  on  Coal  Analysis."1  One  gram  of  the 
finely  powdered  coal  is  placed  in  a  platinum  crucible  weighing  20 
to  30  grams,  and  having  a  tightly  fitting  lid  or  cover.  The  crucible 
is  heated  over  the  full  flame  of  a  Bunsen  burner  for  seven  minutes. 
The  crucible  should  be  supported  on  a  platinum  triangle  with  the 
bottom  6  to  8  cms.  above  the  top  of  the  burner.  The  flame  should 
be  20  cms.  high  when  the  crucible  is  removed,  and  the  determina- 
tion should  be  made  in  a  place  free  from  draughts.  The  upper 
surface  of  the  cover  should  remain  clear,  but  the  under  surface  should 
remain  covered  with  carbon.  The  loss  in  weight  represents  the  amount 
of  volatile  matter  and  moisture  in  the  air-dried  sample,  and  if  the 
known  weight  of  moisture  is  deducted  from  this  loss  the  remainder  is  the 
weight  of  the  volatile  matter. 

Ash. — The  sample  of  fuel  used  to  determine  the  amount  of  moisture 
could  be  used  also  to  obtain  the  ash.  It  is  intensely  heated  in  the 
open  crucible  until  all  the  carbon  is  burned  away.  The  weight  of  the 
ash  is  then  given  by  the  difference  between  the  weight  of  the  crucible 
and  residue  and  the  weight  of  the  empty  crucible  originally  obtained. 

Fixed  Carbon. — The  percentage  of  fixed  carbon  is  the  difference 
between  100  and  the  sum  of  the  percentage  weights  of  moisture,  volatile 
combustible,  and  ash.  It  should  be  remembered  that  this  does  not 
necessarily  constitute  the  total  carbon  in  the  fuel. 

The  sulphur  in  the  fuel  would  have  been  partly  included  in  the 
volatile  matter  and  partly  in  the  ash.  When  the  sulphur  is  in  the  form 
of  pyrites  (FeS,2),  the  intense  heating  causes  the  sulphur  to  burn  away  and 
oxygen  to  unite  with  the  iron  to  form  iron  oxide,  which  remains  in  the 
ash.  The  value  of  the  fixed  carbon  is  therefore  not  quite  accurately 
given  by  the  above  methods,  but  for  ordinary  purposes  the  difference  is 
not  important.  For  the  methods  used  in  the  estimation  of  sulphur 
reference  should  be  made  to  text-books  on  quantitative  analysis. 

The  following  symbols  express  the  methods  of  calculation  :— 

Let  Wm  =  weight  of  crucible  4-  wet  fuel. 
w    =         „         crucible  alone. 
W    =          „  „        -f-  completely  dried  fuel. 

1  Jour,  of  the  American  Chemical  Society ',  1899,  vol.  xxi. 
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Wa  =  weight  of  crucible  +  air-dried  fuel. 

™«  =  "  »        4-  residue   after   volatile   matter    has 

been  driven  off. 
W»  =          >»  »        4-  ash  residue. 

(a)  Percentage  composition  of  the  wet  fuel,  neglecting  sulphur  in 

Wm-  W 

'  x  W — ^~w    =  Percentage  moisture 

wm  -  wr 

100  X  w — —  ay    =          "          volatile  combustible 

\V !__  <jpi    ==          "  asn 

**  m          "•' 

Percentage  fixed  carbon  =  ioo  —  sum  of  above  percentages 

(b)  Percentage  composition  of  air-dried  fuel,  neglecting  sulphur. 

W    —  W 

ioo  X  ~~    —  =  percentage  moisture 
\Vrt   __  iif 

W    -  W 

ioo  x  ^y — - — "  =          ,,          volatile  combustible 

100  x  wl  -  w   =          "          ash 

(c)  Percentage  composition  of  completely  dried  fuel. 

W    —  W 

ioo  x  w~r~^7  =  percentage  volatile  combustible 

W    -  w 

100  x  W*    -w  =  "          ash 

Percentage  fixed  carbon  =  ioo  —  (percentage  volatile  -f  percentage 

ash) 

Analysis  of  Producer  Gas. — The  chemical  analysis  of  producer  gas 
consists  in  the  measurement  of  the  percentage  volumes  of  carbon 
dioxide  (CO2),  oxygen  (O2),  carbon  monoxide  (CO),  hydrogen  (H2), 
methane  or  marsh  gas  (CH4),  small  amounts  of  ethylene  (C2H4)  (usually 
negligible),  and  nitrogen  (N2)  by  difference.  In  some  cases  the  small 
proportion  of  sulphurous  gases  might  be  determined,  but  it  is  usually 
included  in  the  carbon  dioxide  in  the  analysis.  The  collection  of  a 
sample  of  gas  has  been  described  on  p.  192,  when  dealing  with  boiler 
flue  gases  ;  and,  referring  to  Fig.  126,  p.  I93,1  the  small-diameter  collect- 
ing tube  T  would  be  inserted  into  the  gas  pipe  through  a  cork  or  air- 
tight gland,  but  as  the  gas  pipe  would  be  of  comparatively  small  diameter 
except  in  large  installations,  it  would  hardly  be  necessary  to  use  the 

1  In  collecting  a  sample  of  high  temperature  gases  it  is  an  advantage  to  introduce 
a  water  jacket  round  the  collecting  tube  so  as  to  cool  the  gases  before  entering  the 
collecting  bottle.  A  steady  flow  of  water  would  be  maintained  through  the  jacket 
to  carry  away  the  heat. 
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large  aspirator  bottles  B  and  E.  It  should  be  recognized,  however,  that 
some  of  the  carbon  dioxide  and  hydrocarbons  in  the  gases  leaving  Ihe 
producer  would  be  likely  to  be  absorbed  by  the  water  in  the  scrubbers, 
and  therefore  the  sample  of  gases  might  be  taken  before  or  after  the 
scrubbers  according  to  the  information  desired.  Having  obtained  a 
continuous  sample  of  the  gas  at  a  uniform  rate  over  a  lengthy  period, 
say  over  the  period  of  the  test,  the  volumes  of  carbon  dioxide,  oxygen, 
and  carbon  monoxide  could  be  determined  by  the  Orsat  apparatus  as 
described  on  p.  194,*  and  for  the  estimation  of  the  hydrogen  and  methane 
a  special  explosion  pipette  would  be  necessary, 
similar  to  that  shown  in  Fig.  158.  This  consists  M 
of  a  glass  pipette  P  suitably  mounted  on  a  wooden 
stand.  The  capillary  tube  M  would  be  con- 
nected to  the  nipple  Q,  Fig.  127,  p.  194,  by  a 
very  short  tube,  and  the  lower  tube  T  would  be 
connected  to  a  displacing  bottle,  using  mercury 
or  saturated  water  as  the  displacing  medium. 
Platinum  sparking  connections  Q  are  provided, 
which  are  used  to  ignite  the  mixture  in  the  vessel 
P.  After  the  absorption  of  the  carbon  monoxide 
is  completed  in  the  Orsat  apparatus,  about  half 
the  remaining  gas  would  be  liberated  from  the  FlG-  1S%>— Explosion 
measuring  burette  A,  Fig.  127,  and  a  measured 
volume  of  hydrogen,  about  J  the  volume  re- 
maining in  the  burette,  would  be  introduced.  Air  would  then  be 
drawn  in  until  the  burette  was  nearly  full,  observations  of  volume 
being  made  at  atmospheric  pressure.  The  whole  of  the  gas  mixture 
would  then  be  transferred  through  the  cock  E  or  Q,  Fig.  127, 
into  the  explosion  pipette,  Fig.  158,  and  ignited  electrically.  On 
cooling,  the  gases  would  be  drawn  back  into  the  burette  and  the  new 
volume  noted  with  the  gases  at  the  same  atmospheric  temperature  and 
pressure.  The  volume  of  carbon  dioxide  formed  by  the  combustion  of 
the  methane  would  be  determined  by  using  the  potash  pipette  B, 
Fig.  127,  and  the  decrease  of  volume  would  then  represent  the  volume 
of  methane,  since  each  molecule  of  methane  would  produce  a  molecule 
of  carbon  dioxide.  The  hydrogen  present  in  the  methane  produces 
twice  its  volume  of  water  vapour,  but  since  this  condenses,  the  shrink- 
age on  this  account  would  be  twice  the  volume  of  methane.  The 
remainder  of  the  contraction  would  be  due  to  the  combustion  of  the 
hydrogen  with  oxygen,  and  the  total  volume  of  hydrogen  in  the  mixture 
would  be  two-thirds  of  this  remaining  portion  of  the  contraction.  The 
volume  of  hydrogen  which  was  added  would  then  be  deducted,  and 
the  remainder  would  be  that  of  the  hydrogen  originally  present  in 
the  gas. 

The  following  example  will  illustrate  the  method  of  calculation  : — 

1  A  more  elaborate  apparatus  is  described  by  Professor  Burstall  in  the  "  Third 
Report  to  the  Gas-Engine  Research  Committee,"  Inst.  Mech.  Engs.,  1908,  p.  22, 
wherein  the  analysis  is  made  at  constant  volume  and  the  pressure  of  the  water  vapour 
in  the  gas  allowed  for. 
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Volume  of  gas  originally  taken  for  analysis 50      c.cs. 

Volume  after  absorbing  carbon  dioxide 47-4 

»          „  >,          oxygen , 47-25    " 

„          „  „          carbon  monoxide 35-4 

Volume  of  the  residual  gas  takeji  for  measurement  of  hydrogen 

and  methane   ...         ij>2 

Volume  after  addition  of  hydrogen 23*0 

»          »  »    .     »  air     •     • 49*3  » 

„  „     explosion  (measured  at  atmospheric  temperature 

and  pressure 36-2  „ 

Volume  after  absorbing  the  carbon  dioxide  produced  by  combustion  35-9  ,, 

Percentage  composition — 

Carbon  dioxide  = X  100  =  5-2  per  cent. 

Oxygen  =  ^  4  ~  47  ^  x  100  =  0-3  per  cent. 
Carbon  monoxide  =  — — ^—  x  100  =  237  per  cent. 

The  volume  of  methane  is  the  same  as  the  volume  of  carbon 
dioxide  resulting  from  the  combustion,  =  36*2  —  35*9  =  0*3  c.c.  out 
of  a  volume  of  17*2  c.cs.  The  corresponding  volume  of  methane  which 

would   be  obtained  from  35*4  c.cs.  would  be  —  -  x  0-3  =  0-62  c.c. 

Thus  the  percentage  of  methane  is  — —  X  100  =  1*24. 

The  total  contraction  after  explosion  is  49*3  —  36*2  =  13*1  c.cs. 
Considering  the  combustion  of  methane  (CH4),  no  change  of  volume 
occurs  due  to  the  formation  of  the  carbon  dioxide,  since  each  atom 
of  carbon  would  unite  with  a  molecule  of  oxygen.  The  hydrogen  in 
the  methane  would  absorb  a  volume  of  oxygen  equal  to  that  of  the 
methane  in  forming  twice  its  volume  of  water  vapour,  which  vapour 
afterwards  condenses,  and  thus  the  shrinkage  in  volume  due  to  the 
combination  of  the  methane  is  2  x  0*3  =  o'6  c.c.  Therefore  the  con- 
traction due  to  the  combustion  of  hydrogen  =  13*1  —  o'6  =12*5  c.cs. 
This  contraction  is  due  to  the  hydrogen  absorbing  one-half  its  volume 
of  oxygen  to  form  water  vapour,  which  then  condenses,  and  thus  i  c.c. 
of  hydrogen  causes  a  shrinkage  of  f  c.cs.  The  total  volume  of 
hydrogen  is  therefore  f  X  12-5  =  8*33  c.cs.,  and  since  23-0  —  17*2  = 
5*8  c.cs.  were  added,  the  amount  of  hydrogen  originally  present  in  the 
sample  of  17-2  c.cs.  =  8-33  —  5-8  =  2-53  c.cs.  The  percentage  of 

hydrogen  present  in  the  original  volume  of  50  c.cs.  =  tS3  x  ^-^  X  100 

50        17-2 

=  1 0*4.  The  percentage  composition  of  the  gas  by  volume  therefore 
becomes :  Carbon  dioxide,  5*2  ;  oxygen,  0*3  ;  carbon  monoxide, 
23*7;  methane,  1*24;  hydrogen,  10*4;  and  nitrogen  (by  difference), 

59'2- 

A  small  amount  of  ethylene  (C2H4)  may  be  formed  in  a  producer 
using  bituminous  coal,  but  is  not  usually  greater  than  about  0*2  per 
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cent,  by  volume.  If  it  were  desired  to  make  a  determination,  the 
ethylene  could  be  absorbed  either  by  bromine  water  or  by  fuming 
sulphuric  acid,  and  in  either  case  the  sample  should  be  passed  into  a 
potash  pipette  after  the  ethylene  has  been  absorbed,  so  as  to  free  the 
gases  from  the  vapour  of  bromine  or  acid.  The  determination  of  the 
ethylene  would  be  made  immediately  after  the  absorption  of  the  carbon 
dioxide  present  in  the  gas  sample.  The  determination  of  the  sulphur  in 
a  gas  requires  very  careful  manipulation,  and  for  detailed  information 
reference  should  be  made  to  a  standard  work  on  analysis. 

The  Calorific  Value  of  Fuels. — The  calorific  value  of  a  fuel  refers 
to  the  amount  of  heat  given  out  by  the  complete  combustion  of  a  unit 
weight  of  the  fuel  in  oxygen,  and  is  generally  determined  in  some  type 
of  fuel  calorimeter. 

Several  formulae  have  been  proposed  for  calculating  the  calorific 
value  of  fuels,  some  based  upon  the  ultimate  analysis,  and  others  upon 
the  proximate  analysis  of  the  fuel.  None  of  them  are  thoroughly  reli- 
able or  can  be  expected  to  give  more  than  approximate  results  \  the 
most  satisfactory  method  is  to  measure  the  calorific  value  directly. 

The  bomb  calorimeter  is  the  most  accurate  type  for  the  determina- 
tion of  the  calorific  value  of  a  solid  or  a  liquid  fuel,  and  Fig.  159 
illustrates  the  construction  of  the  Mahler-Donkin  bomb  calorimeter. 
The  bomb  is  constructed  of  steel  capable  of  withstanding  high 
pressures,  and  is  coated  internally  with  a  non-corrosive  metal  so  as  to 
restrict  the  corrosive  action  of  the  nitric  and  sulphuric  acids  formed  by 
the  combustion  of  the  fuel.  The  cover  is  held  in  place  by  three  studs, 
lead  wire  being  used  to  make  a  tight  joint.  On  the  top  of  the  cover 
there  is  a  special  connection  and  valve  for  connecting  up  to  an  oxygen 
supply  cylinder,  and  a  metal  holder  attached  to  the  cover  supports  a 
platinum  crucible  in  which  the  fuel  is  placed.  For  the  purpose  of 
igniting  the  fuel,  a  metal  rod  passes  through  an  insulated  plug  in  the 
cover,  and  at  the  lower  end  of  this  rod  a  fine  platinum  wire  makes  con- 
tact with  the  fuel  and  thus  completes  the  battery  circuit  through  the 
metal  of  the  bomb.  The  bomb  is  placed  inside  a  brass  vessel  contain- 
ing a  sufficient  amount  of  water  to  cover  the  bomb  completely,  and  an 
arrangement  of  paddles  can  be  rotated  by  hand  to  ensure  the  elimina- 
tion of  local  differences  of  temperature  in  the  water.  The  water  vessel 
is  itself  supported  on  brass  stands  inside  an  annular  water  jacket,  the 
object  of  which  is  to  reduce  radiation  losses  to  a  negligible  quantity.  It 
is  found  that  the  water  jacket  will  remain  at  a  nearly  constant  tempera- 
ture during  an  experiment,  and  it  is  provided  with  a  suitable  thermometer 
so  that  any  temperature  changes  can  be  noted. 

The  calorific  value  of  a  fuel  is  determined  by  first  accurately  weigh- 
ing about  one  gram  of  the  finely  powdered  air-dried  fuel  (the  moisture 
contents  of  which  is  known  from  previous  experiments,  see  p.  292),  into 
the  platinum  crucible,  which  is  then  placed  on  its  support  with  the 
igniting  platinum  wire  in  direct  contact.  After  placing  a  little  water  in 
the  bottom  of  the  bomb,  the  cover  is  placed  in  position  and  screwed 
down  tightly.  The  oxygen  valve  is  then  connected  up  to  an  ordinary 
oxygen  supply  cylinder  and  the  oxygen  slowly  admitted  until  the 
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pressure  in  the  bomb  reaches  25  atmospheres,  a  special  regulating  valve 
and  pressure  gauge  being  connected  to  the  supply  pipe.  The  oxygen 
pipe  is  then  disconnected  and  the  charged  bomb  is  carefully  placed  in 
the  water  vessel  containing  a  measured  quantity  of  water  sufficient 
to  cover  the  bomb  completely.  The  water  is  then  stirred,  and  its 
temperature  noted  until  it  becomes  constant,  when  the  fuel  can  be 
ignited  by  completing  the  battery  circuit  so  as  to  fuse  the  platinum 
wire.  The  temperature  of  the  water  should  then  be  noted  at  short 


FiG.   159. — Mahler-Donkin  bomb  calorimeter, 
{From  Dowson  and Larter's  "Producer  Gas.") 

intervals  until  the  maximum  is  reached,  which  would  probably  be 
attained  in  about  three  minutes  after  ignition,  the  water  being  stirred 
until  the  maximum  temperature  is  attained. 

Let  A  =  initial  temperature  of  water  before  ignition,  °  Cent. 

/2  =  maximum  temperature  of  water,  °  Cent. 

m  —  weight  of  air-dried  fuel  burned,  grams. 
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q  —  percentage  moisture  in  the  air-dried  fuel. 
W  =  weight  of  water  in  vessel,  grams. 
w  =  water-equivalent  of  the  instrument,  grams. 
C  =  gross  or  higher  calorific  value  of  air-dried  fuel. 
d  =  „  „  „  of  dry  fuel. 

C2  =  lower  calorific  value  of  dry  fuel. 
Then- 
Heat  given   to  water   and)  =  (w  +  w)(f  _  , }  calorieg 
bomb  during  combustion) 

Heat  generated  by  fuel  =  C  X  m  calories 

(W  +  w}(L  -/,) 
.'.  C  =  —       — "-      ~  calories  per  gram 

The  weight  of  fuel  in  the!   _  ;;f  (I0°  ~  4)  grams 
burned  sample  J  100 

.'.  d  =  1 ^  2    .    •  calories  per  gram. 


\     100 

When  a  fuel  contains  hydrogen,  a  corresponding  amount  of  water 
vapour  is  formed  during  the  combustion,  which  is  nearly  all  condensed 
in  the  calorimeter  if  the  oxygen  was  saturated  with  vapour  before 
ignition,  and  therefore  this  condensed  vapour  gives  up  its  latent  heat  to 
the  surrounding  water.  But  under  ordinary  boiler  and  furnace  con- 
ditions, the  water  vapour  formed  by  the  combustion  of  the  fuel  on  the 
grate  passes  away  with  the  flue  gases  before  its  temperature  is  low 
enough  for  the  vapour  to  condense,  and  thus  the  latent  heat  of  this 
vapour  is  not  really  available  for  heating  purposes.  For  this  reason 
the  Committee  of  the  Institution  of  Civil  Engineers,  referred  to  on 
p.  202,  recommended  that  the  lower  calorific  value  be  used  in  calcula- 
tions relating  to  boiler  efficiencies.  The  correction  can  be  made  by 
calculations  based  on  the  analysis  of  the  fuel.  Thus,  if  the  dry  fuel 
contains  H  per  cent,  by  weight  of  available  hydrogen,  the  corresponding 

weight  of  water  vapour  formed  by  combustion  could  be  taken  to  be 

grams  per  gram  of  dry  fuel,  and  taking  the  latent  heat  at  540  calories 
per  gram,  the  lower  calorific  value  becomes — 

C2  =  d  —  -          -  X  H  calories  per  gram  of  dry  fuel. 

The  calorific  values  in  B.Th.U.  per  Ib.  can  be  obtained  by  multiplying 
the  values  given  above  by  the  factor  f. 

The  water-equivalent  w  of  the  calorimeter  can  best  be  determined 
by  burning  a  weighed  sample  of  fuel  of  known  calorific  value  in  the 
manner  just  described.  Fused  naphthalene  is  suitable  for  this  purpose, 
and,  according  to  Berthelot,  has  a  calorific  value  of  9692  calories  per 
gram.  Using  the  same  symbols  as  before — 

C  x  m  =  (W  +  w)(t9  -  A) 

C  x  m       w 

:.  w  =  ~      - —  W 


300      THE    TESTING   OF  MOTIVE-POWER  ENGINES 

The  above  calculations  have  neglected  one  or  two  small  corrections, 
but  the  result  would  probably  be  within  one-half  per  cent,  of  the  true 
value.  For  more  accurate  work,  corrections  might  be  made  for  radiation 
losses  and  for  the  heat  of  formation  of  the  acids  produced  by  com- 
bustion. Radiation  losses  could  be  eliminated  by  starting  the  com- 
bustion when  the  water  in  the  vessel  has  attained  a  selected  initial 
temperature  /j  so  that  the  jacket-water  temperature  is  about  midway 
between  the  expected  values  of  /a  and  /2-  This  can  be  easily  arranged 
when  the  water  drawn  from  the  ordinary  town's  main  is  below  the 
temperature  of  the  room,  which  is  usually  the  case. 

When  fuel  is  burned  under  ordinary  furnace  conditions  no  nitric 


FIG.  160. — Rosenhain's  modification  of  the  W.  Thomson  fuel  calorimeter. 

acid  is  formed,  and  thus  the  heat  of  formation  of  the  acid  in  the  bomb 
of  the  calorimeter  should  be  deducted  from  the  calorific  value.  To 
make  this  correction  it  is  necessary  to  wash  out  the  bomb  and  to 
determine  the  quantity  of  nitric  acid  by  titration ;  but  if  the  experiment 
is  conducted  as  described  on  p.  297,  the  radiation  losses  and  nitric 
acid  correction  can  be  neglected,  because  they  are  both  small  and 
approximately  cancel  each  other. 

The  expensive  character  of  the  bomb  type  of  calorimeter  has  led  to 
the  introduction  of  cheaper  forms  for  ordinary  industrial  use,  in  which 
the  fuel  is  burned  at  atmospheric  pressure,  though  these  are  not  quite 
so  accurate  as  the  bomb  calorimeter.  The  Rosenhain  modification  of 
the  William  Thomson  type  of  calorimeter  is  illustrated  in  Fig.  160,  and 
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is  manufactured  by  the  Cambridge  Scientific  Instrument  Company.  The 
instrument  consists  of  three  parts — the  combustion  chamber  in  which 
the  coal  sample  is  burned,  the  glass  calorimeter  vessel  in  which  the 
combustion  chamber  is  immersed  when  in  use,  and  a  metal  jacket 
having  a  narrow  window  and  into  which  the  glass  vessel  is  placed 
before  an  experiment  commences.  The  combustion  chamber  is  formed 
of  a  glass  lamp  chimney  closed  at  the  top  and  bottom  by  brass  clamp- 
ing plates,  which  make  a  joint  with  the  glass  by  means  of  rubber  washers. 
The  plates  are  drawn  together  by  means  of  screws  on  three  wire  up- 
rights fixed  to  the  lower  plate.  A  ball  containing  a  stuffing  box  is 
mounted  on  the  upper  plate  through  which  a  tube  passes,  carrying 
the  two  leads  for  the  electric  ignition  device.  The  upper  plate  also 
carries  a  tube  for  admitting  oxygen  into  the  combustion  chamber,  and 
has  a  wire  gauze  nozzle  at  the  end  to  prevent  the  oxygen  jet  from 
breaking  up  the  coal  sample.  The  combustion  chamber  communicates 
with  the  exterior  by  means  of  an  aperture  in  the  lower  portion  of  the 
calorimeter,  thus  permitting  the  products  of  combustion  to  escape  from 
the  combustion  chamber  through  the  surrounding  water,  during  which 
the  gases  part  with  heat  to  the  water. 

The  sample  of  fuel  to  be  tested  is  first  crushed  to  a  powder  and  air 
dried.  A  special  screw  press  is  provided  for  compressing  the  powdered 
fuel  into  a  pellet  of  about  i  gram  weight,  which  is  then  carefully  weighed 
in  a  platinum  or  porcelain  crucible.  The  crucible  is  then  placed  in 
the  lower  portion  of  the  calorimeter  before  the  glass  combustion 
chamber  is  fixed  in  position,  and  it  is  placed  so  that  the  fuel  can  be 
touched  by  the  fine  platinum  wire  which  is  connected  to  the  electric 
leads.  The  oxygen  supply  pipe  is  then  connected  up  to  an  ordinary 
oxygen  supply  cylinder  by  means  of  a  stout  rubber  tube,  and  with  a 
wash-bottle  and  a  water-vapour  saturation  tower  connected  in  series 
between  the  oxygen  cylinder  and  the  calorimeter,  for  the  purpose  of 
ensuring  that  the  oxygen  should  enter  the  calorimeter  at  atmospheric 
temperature  and  thoroughly  saturated  with  water  vapour.  After  slowly 
turning  on  the  oxygen  supply,  the  calorimeter  is  immersed  in  the  glass 
vessel  in  about  2000  c.cs.  of  water,  and  care  should  be  taken  to  see 
that  the  oxygen  supply  is  sufficient  to  keep  the  water  out  of  the  com- 
bustion chamber.  The  initial  temperature  would  then  be  measured  by 
means  of  an  accurate  thermometer.  It  is  best  to  arrange  the  water 
temperatures  so  that  the  temperature  of  the  room  is  about  the  mean  of 
the  initial  temperature  and  the  expected  final  temperature  of  the  water, 
as  this  dispenses  with  radiation  corrections,  besides  which  the  products 
of  combustion  do  not  introduce  any  appreciable  error  by  leaving  at  a 
temperature  different  to  that  of  the  surrounding  atmosphere,  since 
during  about  the  first  half  of  the  experiment  these  gases  would  leave 
the  water  below  the  temperature  of  the  atmosphere  and  during  the 
second  half  would  leave  at  a  higher  temperature,  the*  two  periods  thus 
neutralizing  each  other. 

The  supply  of  oxygen  should  be  carefully  regulated,  for  should  the 
supply  be  excessive,  sparking  is  likely  to  occur,  and  thus  some  of  the 
fuel  would  pass  away  unconsumed,  whilst  too  little,  oxygen  supply  would 
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probably  allow  some  of  the  hydrocarbon  gases  to  pass  away  uncon- 
sumed,  which  would  be  recognized  by  the  blackening  of  the  combustion 
chamber  and  the  emission  of  fumes  with  the  products  of  combustion. 
As  soon  as  the  combustion  is  finished  the  oxygen  supply  would  be  shut 
off,  and  the  water  would  then  be  allowed  to  enter  the  combustion 
chamber  by  liberating  the  gases  through  a  ball  valve  or  cock.  The 
oxygen  supply  would  then  be  turned  on  again  so  as  to  drive  out  the 
water  and  the  maximum  temperature  would  be  noted.  The  calculation 
of  the  calorific  value  is  the  same  as  that  given  on  p.  299. 

There  is  always  some  difficulty  in  getting  ground  anthracite  coal  to 
form  into  a  hard  pellet,  but  if  thoroughly  mixed  with  a  little  ground 
bituminous  coal  of  known  calorific  value  and  in  known  proportions, 


C  N        K 

FIG.  161. — Professor  Gray's  modification  of  the  W.  Thomson  fuel  calorimeter. 

the  mixture  could  be  formed  into  a  pellet,  and  the  calorific  value  of  the 
anthracite  then  easily  deduced  by  allowing  for  the  weight  and  heating 
value  of  the  bituminous  fuel  in  the  burned  sample.  The  water-equiva- 
lent of  the  instrument  can  also  be  obtained  by  making  a  series  of 
experiments  with  a  fuel  of  known  calorific  value,  using  the  method  of 
calculation  given  on  p.  299. 

Another  simple  form  of  the  W.  Thomson  type  of  calorimeter  is  that 
designed  by  Professor  T.  Gray  and  illustrated  in  Fig.  161,  as  made  by 
Messrs.  Thomson,  Skinner,  and  Hamilton,  of  Glasgow.  The  instru- 
ment consists  of  parts  similar  to  the  Rosenhain,  but  differing  somewhat 
in  the  structural  details.  The  base  of  the  calorimeter  is  of  perforated 
metal,  constructed  so  as  to  allow  of  the  free  escape  of  the  gas  from  the 
combustion  chamber  through  the  water.  Attached  to  the  base  are  two, 
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metal  uprights  T,  which  are  held  rigid  and  kept  parallel  by  being  united 
at  the  top  by  a  strip  of  insulating  material,  and  these  uprights  also  contain 
the  leads  for  the  electric  ignition  device.  The  ignition  of  the  fuel  is 
effected  either  indirectly  by  the  aid  of  a  fuse  attached  to  the  coal 
sample  and  to  the  platinum  wire  at  L,  or  directly  by  fastening  a  platinum 
wire  round  the  coal  pellet.  The  cross-bar  of  insulating  material  serves 
also  to  carry  a  tube  O  designed  for  the  supply  of  oxygen  into  the 
apparatus,  and  has  a  screw  to  enable  the  tube  to  be  secured  at  any 
desired  height.  Two  perforated  metal  discs  H  are  provided,  connected 
together  by  tubes  which  slide  upon  the  two  uprights  referred  to,  and 
these  serve  as  an  efficient  means  of  baffling  the  gases  in  passing  through 
the  water.  They  are  easily  raised  so  that  the  apparatus  can  be  con- 
veniently recharged.  A  sample  of  the  finely  ground  fuel  can  be  formed 
into  a  pellet  in  the  cylinder  N  by  inserting  into  the  screw  press  P.  This 
pellet  is  transferred  into  the  weighed  crucible  C  and  then  re-weighed  to 
ascertain  the  weight  of  fuel  in  the  crucible,  after  which  the  crucible  is 
placed  on  the  supporting  ring  R  in  the  combustion  chamber. 

The  calorimeter  is  operated  in  much  the  same  manner  as  described 
in  connection  with  the  Rosenhain  calorimeter,  except'  that  it  is  usual  to 
ignite  the  fuel  by  tying  a  thin  cotton  fuse  round  the  pellet  of  fuel  and 
round  the  platinum  wire,  so  that  when  the  wire  is  heated  by  the 
momentary  current  of  electricity  from  the  battery  B,  the  fuse  ignites 
and  starts  the  combustion.  The  average  correction  for  the  heat  of 
combustion  of  the  fuse,  together  with  the  heat  given  out  by  the  electric 
ignition,  is  found  to  be  about  100  calories,  which  should  be  deducted 
from  the  heat  given  to  the  calorimeter  before  calculating  the  calorific 
value.  The  water-equivalent  of  the  instrument  can  also  be  determined 
by  burning  a  sample  of  fuel  of  known  calorific  value  and  then  using 
the  expression  given  on  p.  299. 

Professor  Gray l  has  shown  that,  if  carefully  used,  the  above  calori- 
meter gives  determinations  of  the  calorific  value  of  coal  in  practical 
agreement  with  the  bomb  calorimeter,  though  the  results  are  generally 
one  to  two  per  cent,  below  the  true  values  as  derived  by  the  bomb 
calorimeter. 

Another  form  of  calorimeter  which  is  also  intended  to  burn  the 
sample  of  powdered  fuel  at  atmospheric  pressure  is  the  Lewis  Thompson 
type.  The  known  weight  of  powdered  fuel  is  mixed  with  a  substance 
rich  in  oxygen,  such  as  powdered  potassium  chlorate  and  nitrate,  and 
this  furnishes  the  necessary  oxygen  for  combustion  after  ignition  takes 
place.  This  type  of  calorimeter  is  unreliable,  however,  and  generally 
gives  results  which  are  several  per  cent,  too  low  when  compared  with 
the  bomb  calorimeter.  This  seems  to  be  due  to  the  tendency  of  this 
type  to  leave  some  of  the  fuel  unconsumed. 

The  calorific  value  of  a  liquid,  such  as  oil,  can  be  most  conveniently 
determined  by  the  bomb  calorimeter.  If  the  oil  is  of  the  heavy  class, 
which  is  practically  non-volatile,  it  is  simply  weighed  out  in  the  crucible 
and  burned  in  the  same  way  as  for  a  solid  fuel.  The  calorific  value  of 
volatile  oil  can  also  be  determined,  but  the  sample  should  be  placed 
1  Jour,  of  tht  Society  of  Chemical  Industry ,  1904,  vol.  xxiii.  p.  704. 
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inside  a  glass  bulb  which  is  then  sealed  and  weighed.  The  bulb  is 
then  placed  in  the  crucible  or  capsule,  and  just  before  the  cover  of  the 
bomb  is  put  on  the  bulb  is  broken  to  allow  access  to  the  oxygen. 

The  bomb  calorimeter  can  also  be  used  to  determine  the  calorific 
value  of  a  combustible  gas  and  this  requires  a  knowledge  of  the  exact 
capacity  of  the  bomb.  It  is  first  filled  with  the  gas  and  is  then  con- 
nected up  to  a  pump  to  exhaust  the  gases,  and  after  this  it  is  again 
filled  with  the  gas  at  atmospheric  pressure  and  temperature.  The  bomb 
could  then  be  assumed  to  be  full  of  the  gas  to  be  tested.  Oxygen  is 
then  supplied  to  the  bomb  in  the  same  manner  as  for  solid  fuels,  except 
that  the  oxygen  pressure  should  not  be  allowed  to  exceed  about 
6  atmospheres  for  ordinary  illuminating  gas,  and  about  2  atmospheres 
for  producer  gas. 

Special  calorimeters  have  been  designed  for  the  determination  of 
the  calorific  value  of  gases,  and  perhaps  the  most  accurate  and  best 
known  type  is  the  Junker  calorimeter,  which  is  illustrated  in  Fig.  162, 
together  with  the  arrangement  used  by  Professor  Burstall l  to  determine 
the  calorific  value  of  producer  gas.  The  calorimeter  consists  of  a  series 
of  internal  tubes  which  are  surrounded  by  water,  and  there  is  also  an 
external  air-jacket  to  prevent  losses  by  radiation.  The  gas  is  supplied 
continuously,  under  a  slight  pressure,  through  a  wet  meter  to  the 
Bunsen  burner  fixed  inside  the  central  cylinder,  and  the  products  of 
combustion  ascend  to  the  top  of  this  cylinder,  and  then  pass  down 
through  the  internal  tubes  and  out  to  the  atmosphere.  The  cooling 
water  enters  at  the  bottom  of  the  calorimeter  with  a  constant  head,  and 
flows  round  about  the  tubes  on  its  way  to  the  outlet  at  the  top,  from 
which  it  can  be  discharged  into  the  measuring  vessel  as  shown.  The 
inlet  and  outlet  temperatures  of  this  water  are  obtained  by  accurate 
mercury  thermometers,  having  the  thermometer  bulbs  well  inserted  into 
the  current  of  water.  The  air  temperature  and  the  gas  temperature 
at  the  exit  from  the  calorimeter  are  also  obtained,  and  it  is  desirable  to 
arrange  that  the  outlet  gas  temperature  should  be  practically  the  same 
as  that  of  the  air.  In  the  figure,  a  special  coil  of  water  pipes  is  shown 
at  the  bottom  of  the  calorimeter,  though  this  is  not  a  usual  feature 
of  the  Junker  calorimeter.  The  bottom  of  the  central  cylinder  is 
also  shown  to  be  closed  in  this  particular  arrangement,  but  ordinarily 
it  is  left  open,  and  the  reason  for  the  closing  of  the  bottom  to  the 
external  atmosphere  was  due  to  Professor  Burstall's  desire  to  elimi- 
nate the  influence  of  the  variable  hygroscopic  condition  of  the  ordinary 
atmospheric  air  supply,  as  he  found  that  this  had  an  appreciable 
influence  on  the  apparent  calorific  value.  He  therefore  closed  the 
bottom  of  the  calorimeter,  and  passed  the  air  supply  through  a  special 
saturation  tower  as  shown  in  the  figure,  and  he  also  treated  the  gas  in 
the  same  manner.  The  result  of  these  modifications  was  that  the 
amount  of  condensed  vapour  from  the  cooled  gases  became  consistent, 
whereas  previously  it  had  been  very  erratic  on  account  of  the  variable 
vapour  contents  of  the  atmosphere. 

To  obtain  reliable  results  from  the  Junker  or  similar  gas  calorimeters, 
1  Proc.  Inst.  Meek.  Eng.y  1908,  p.  13. 
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it  is  necessary  to  have  the  gas  passing  through  the  burner  at  a  uniform 
rate,  and  for  this  reason  it  is  best  to  collect  a  sufficient  quantity 
of  producer  gas  in  a  special  gasometer  at  a  uniform  rate  during  the 
course  of  a  test.  In  the  case  of  a  suction-producer  plant,  the  working 
gas  pressure  in  the  system  is  below  that  of  the  atmosphere  and  the 
sample  of  gas  has  to  be  drawn  into  the  gasometer,  after  which  the 
gasometer  would  be  loaded  to  raise  the  pressure  of  the  contained  gas 
slightly  above  that  of  the  atmosphere. 

The  experiment  is  conducted  as  follows  :    The  gas  and  the  cooling 
water  are  adjusted  to  flow  at  a  convenient  rate,  and  as  soon  as  the 
temperatures  have  become  steady,  the  test  is  commenced  by  allowing 
the  cooling  water  to  flow  into  the  litre  measuring  vessel,  and  at  the 
same  instant  the  meter  reading  is  observed.     Readings  of  the  thermo- 
meters are  then  obtained  at  short  equal  intervals  of  time,  and  exactly 
at  the  time  the  water-level  reaches  the  litre  mark  the  gas  meter  is  again 
read.     During  this  period  the  amount  of  condensed  water  vapour  is 
collected  in  a  small  measuring  vessel,  or  this  observation  might  be 
continued  over  a  longer  period  to  ensure  greater  accuracy. 
Let  /j  =  average  inlet  water  temperature,  °  Cent. 
/2  =  average  outlet  water  temperature,  °  Cent. 
W  =  weight  of  cooling  water  used  in  test,  grams. 
c  =  weight  of  condensed  water  vapour  in  test,  grams. 
V  =  measured  volume  of  gas  used  in  test,  litres. 
V0  =  volume  of  this  gas  reduced  to  760  mm.  mercury  and  o°  Cent. 
ta  =  temperature  of  atmosphere,  °  Cent.  =  temperature  of  gas  at 

inlet  and  exit. 

p  =  pressure  of  gas  above  atmospheric,  mm.  water. 
h  =  barometric  pressure,  mm.  mercury. 
d  =  gross  or  higher  calorific  value,  calories  per  litre  at  7  60  mm. 

and  o°  Cent. 

C2  =  lower  calorific  value,  calories  per  litre  at  760  mm.  and 
o°  Cent. 

Absolute  gas  pressure  =  (  h  -\  --  77  J  mm.  mercury. 
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Higher  or  gross  calorific  value  =  Q  =  ~j  calories    per   litre    at 

760  mm.  and  o°Cent. 
Lower  calorific  value  =  C2  =     (  2  ~   ''  ""  540<r  calories     per 

»  o 

litre  at  760  mm.  and  o°  Cent. 

The  above  results  can  be  reduced  to  B.Th.U.  per  cubic  foot  by 
multiplying  by  the  factor  0*1122. 

1  This  value  neglects  the  partial  pressure  of  the  water  vapour  in  the  gas. 
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To  illustrate  further  the  character  of  the  results  and  calculations 
relating  to  a  complete  producer  test,  the  following  example  has  been 
selected  from  the  Transactions  of  the  American  Society  of  Mechanical 
Engineers  for  December,  1909.  The  test  was  made  by  Messrs. 
Garland  and  Kratz  on  a  suction  producer  of  ordinary  type  designed 
for  intermittent  work,  and  for  the  purpose  of  the  test  the  connection 
to  the  gas  engine  was  blanked  off  and  a  steam  injector  introduced 
between  the  producer  and  the  scrubber  to  draw  the  gases  through 
the  producer  as  well  as  to  force  these  gases  through  the  scrubber  and 
out  to  the  atmosphere  by  the  blow-off  pipe.  The  volume  of  gas 
was  measured  by  means  of  calibrated  meters,  a  straw  scrubber  or 
dryer  being  placed  between  the  main  scrubber  and  the  meters  to 
extract  suspended  moisture  and  any  tar  remaining  in  the  gas.  The 
water  vapour  contents  in  the  gases  leaving  this  dryer  was  estimated 
by  drawing  a  measured  volume  through  a  weighed  calcium  chloride 
tube,  the  increase  in  weight  thus  representing  the  moisture  contained 
in  the  measured  volume  of  gas  which  passed  through  the  tube. 

The  coal  fired  during  the  test  was  weighed,  and  at  the  end  of  the 
test  the  fire  was  cleaned,  the  fuel  bed  being  brought  to  as  near  the 
starting  condition  as  possible,  and  the  producer  filled.  Owing  to 
the  vaporiser  having  been  cracked  in  a  previous  test,  the  steam  was 
supplied  to  the  vaporiser  from  a  separate  boiler  through  a  calibrated 
orifice  formed  in  a  thin  plate. 

RESULTS  OF  SUCTION  PRODUCER  TEST. 

Duration  of  trial,  12  hours. 
Kind  of  fuel,  Scranton  anthracite. 

Dimensions  and  Proportions  of  Producer. 

1.  Dimensions  of  grate,  ft 1*25  by  1*33 

2.  Grate  area,  sq.  ft 1-67 

3.  Mean  diameter  of  fuel  bed,  ft J'545 

4.  Depth  of  fuel  bed,  ft 2*21 

5.  Area  of  fuel  bed,  sq.  ft 1*877 

6.  Height  of  discharge  pipe  above  grate,  ft 2*875 

7.  Approximate  width  of  air  spaces  in  grate,  ins o'5 

8.  Area  of  air  space,  sq.  ft 0722 

9.  Ratio  of  air  space  to  whole  grate  area I  to  2*3 

10.  Area  of  discharge  pipe,  sq.  ft 0-165 

11.  Water-heating  surface  in  vaporiser,  sq.  ft 

12.  Outside  diameter  of  shell,  ft 2*83 

13.  Length  of  shell  from  base  to  top  of  hopper,  ft 7-12 

Average  Pressures. 

14.  Average  barometer  reading,  ins.  mercury  . 29*26 

15.  Average  barometer  reading,  corrected  for  temperature,  ins. 

mercury 29*15 

1 6.  Draught  in  ash  pit,  ins.  water o'6i 

17.  Suction  at  producer  outlet,  ins.  water 2*04 

18.  Pressure  at  meters,  ins.  water 376 

19.  Vapour  pressure  at  meters,  ins.  mercury 0*685 

20.  Dry  gas  pressure  at  meters,  ins.  mercury  absolute     ....  28  75 
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Average  Temperatures. 

21.  At  barometer,  °  F 78-0 

22.  Of  fire  room,  °  F 82-2 

23.  Of  steam,  °F 212 

24.  Of  feed  water  entering  vaporiser,  °  F 

25.  Overflow  from  vaporiser,  °  F. — 

26.  Of  water  entering  scrubber,  °  F 57'8 

27.  Of  water  leaving  scrubber,  °  F 103-6 

28.  Rise  in  scrubber,  °  F. 45-8 

29.  Of  gases  leaving  producer,  °  F 1,108 

30.  Of  gases  leaving  first  scrubber,  °  F 84-3 

31.  Drop  in  temperature  of  gases  in  scrubber,  °  F 1,023 

32.  Of  gases  entering  meters,  °  F 68'o 

Fuel  in  Test. 

33.  Size  and  condition Pea,  clean 

34.  Weight  of  coal  as  fired,  Ibs 798-5 

35.  Percentage  of  moisture  in  coal 2*75 

36.  Total  weight  of  dry  coal  fired,  Ibs 7?6'5 

37.  Total  ash  and  refuse,  Ibs 85-0 

38.  Quality  of  ash  and  refuse 

39.  Total  weight  of  combustible  burned,  Ibs 614 

40.  Percentage  of  ash  and  refuse  in  dry  coal 10-9 

Proximate  Analysis  of  Coal. 

41.  Fixed  carbon,  per  cent 77'35 

42.  Volatile  matter,  per  cent 5-99 

43.  Moisture,  per  cent 275 

44.  Ash,  per  cent 12*81 

45.  Sulphur,  separately  determined,  per  cent no 

lOO'OO 

Ultimate  Analysis  of  Dry  Coal. 

46.  Carbon,  C,  per  cent 79*84 

47.  Hydrogen,  H2,  per  cent 2^67 

48.  Oxygen,  O2,  per  cent 2*37 

49.  Nitrogen,  N2,  per  cent.    .          0-82 

50.  Sulphur,  S2,  per  cent 1*13 

51.  Ash,  per  cent I3'i7 

lOO'OO 

Analysis  of  Dry  Ashes  and  Refuse. 

52.  Carbon,  per  cent 38*8 

53.  Earthy  matter,  per  cent 61-2 

Fuel  per  Hour. 

54.  Dry  coal  fired  per  hour,  Ibs 647 

55.  Combustible  consumed  per  hour,  Ibs 51 '2 

56.  Dry  coal  per  sq.  ft.  of  grate  per  hour,  Ibs 38-8 

57.  Combustible  per  sq.  ft.  grate  per  hour,  Ibs 307 

58.  Dry  coal  per  sq.  ft.  of  fuel  bed  section  per  hour,  Ibs 34-5 

59.  Combustible  per  sq.  ft.  of  fuel  bed  section  per  hour,  Ibs.      .     .  273 

60.  Dry  coal  per  cub.  ft.  of  fuel  bed,  Ibs.  per  hour I5'6 

61.  Combustible  per  cub.  ft.  of  fuel  bed,  Ibs.  per  hour 12*4 
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Calorific  Value  of  Fuel  (Higher  Value].  ' 

62.  Calorific  value  by  oxygen  calorimeter  per  Ib.  dry  coal,  B.Th.U.  13,040 

63.  „              „              „              „              „      combustible  „  15,700 

Wafer  in  Test. 

64.  Total  weight  fed  to  vaporiser,  Ibs.1 267-8 

65.  Total  weight  of  overflow,  Ibs 0*0 

66.  Water  actually  evaporated  in  vaporiser,  Ibs.1 267*8 

67.  Weight  of  water  fed  to  producer — 

(a)  From  vaporiser l 267*8 

to  In  air   . 517 

(c)  In  coal 22*0 

Total 341-5 

68.  Total  weight  of  water  decomposed,  from  analysis,  Ibs.  .     .     .  218*2 

69.  Total  weight  of  water  decomposed,  used  in  calculations,  Ibs.  218*2 

70.  Total  weight  of  moisture  in  gas  leaving  producer,  Ibs.  .     .     .  123-3 

71.  Ratio  of  water  decomposed  to  water  supplied 0*639 

72.  Weight  of  water  decomposed  per  Ib.  gas  generated,  Ibs.    .     .  0*0558 

73.  Weight  of  water  decomposed  per  Ib.  dry  coal  fired,  Ibs.     .     .  0*281 

74.  Weight  of  water  decomposed  per  Ib.  of  air  supplied,  Ibs.  .     .  0*0702 

75.  Weight  of  water  supplied  per  Ib,  dry  coal  fired,  Ibs.      .     .     .  0*440 

76.  Weight  of  water  supplied  per  Ib.  air  used,  Ibs 0*11 

77.  Total  weight  of  scrubber  water,  Ibs 22,200 

78.  Total  weight  of  water  absorbed  in  dryer,  Ibs 15 

Water  per  Hour. 

79.  Water  evaporated  per  hour  in  vaporiser,  Ibs 

80.  Water   evaporated  per  hour  per  sq.  ft.  vaporiser  heating 

surface,  Ibs 

8 1.  Weight  of  water  decomposed  per  hour,  Ibs 18*2 

82.  Total  weight  of  water  fed  to  producer  per  hour,  Ibs 28*5 

83.  Weight  of  scrubber  water  used  per  hour,  Ibs ij85o 

Qttantity  of  Air. 

84.  Moisture  contained  in  air  supply,  per  cent,  by  weight  dry  air  1*66 

85.  Total  weight  of  dry  air  by  analysis,  Ibs 3, 112 

86.  Total  weight  of  dry  air  by  measurement,  Ibs 

87.  Weight  of  dry  air  per  hour,  Ibs 259*2 

88.  Weight  of  dry  air  used  per  Ib.  of  dry  coal  fired,  Ibs 4'oi 

89.  Weight  of  dry  air  per  Ib.  of  dry  gas  generated,  Ibs 0796 

Gas. 

90.  Percentage  of  moisture  in  gas  leaving  producer  from  water 

fed  to  producer,  per  cent,  of  dry  gas 3*15 

91.  Percentage  soot  and  tar  in  gas  leaving  producer 

92.  Higher  calorific  value  per  cub.  ft.  standard  gas,  by  calori- 

meter, B.Th.U 138*1 

93.  Higher  calorific  value  per  cub.  ft.  standard  gas,  by  analysis, 

B.Th.U 137*3 

94.  Specific  weight  of  standard  gas,  Ibs.  per  cub.  ft 0*068 

95.  Specific  heat  of  dry  gas  leaving  producer,  at  constant  pres- 

sure        0*328 

96.  Total  volume  of  gas  from  meters,  cub.  ft 60  6 

1  Steam  was  fed  to  vaporiser  by  separate  boiler  in  this  test. 
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97.  Total  volume  of  standard  gas  from  meters,  cub.  ft 57,5oo 

98.  Total  volume  of  standard  gas  by  analysis,  cub.  ft 56,200 

99.  Total  volume  as  used  in  calculations,  cub.  ft 57>5°° 

100.  Volume  of  standard  gas  per  hour,  cub.  ft 4>795 

101.  Volume  of  standard  gas  per  Ib.  dry  coal,  cub.  ft 74/1 

102.  Weight  of  standard  gas  per  hour,  Ibs 326 

103.  Weight  of  standard  gas  per  Ib.  dry  coal,  Ibs 5^03 

Gas  Analysis  (per  cent.}. 

By  By 

volume.        weight. 

104.  Carbon  dioxide,  CO2 4'2  7*16 

105.  Carbon  monoxide,  CO 2701      29^25 

106.  Oxygen,  O2 0*23         o  29 

107.  Hydrogen,  H2 10*40        o'8i 

108.  Marsh  gas,  CH4 177        ri2 

109.  Olefiant  gas,  C2H4 

no.  Sulphur  dioxide,  SO2 

in.  Hydrogen  sulphide,  H2S 

H2  Nitrogen,  N2  (by  difference) 56-4        61-37 

lOO'OO          lOO'OO 

Efficiency. 

113.  Grate  efficiency,  per  cent 95'3 

114.  Hot-gas  efficiency,  based   on   higher  calorific  values,  per 

cent.1 90-9 

115.  Cold-gas  efficiency,2  based  on  higher  calorific  values,  per 

cent 78-3 

HEAT  BALANCE. 
Heat  supplied  to  Producer. 

B.Th.U. 

1 1 6.  (a]  Total  heat  supplied  per  Ib.  dry  coal 13,040 

(b)  „         „         „         by  air  per  Ib.  dry  coal 19 

(c)  „         ,,         „         by  moisture  in  air  per  Ib.  dry  coal     . 
(a)        „         „         „         by  moisture  in  coal       „ 

(<?)         „         „         „         as  sensible  heat  in  coal          ,, 

(/)        „        ,,        „        in  vaporiser  water        „         „  385 

Total 13,444 

Heat  leaving  Producer. 

B.Th.U.       Per  cent. 

117.  (a)  Heat  contained  as  sensible  heat  in  dry  gas      .     .     .    1,725          I2'8 
(jf)        „  „          in  moisture 262  2-0 

(c)  „  „         in  dry  gas  (heat  of  combustion)  .     .  10,240          76*2 

(d)  ,,  „         unburned  carbon 618  4'6 

(e}        „  „         as    sensible    heat     in    ashes    and 

refuse 

(/)  Heat  lost  in  overflow  from  vaporiser 

(£•)  Radiation  and  conduction,  by  difference 599  4-4 

13,444        loo-o 

1  Based  on  total  heat  supplied. 

2  Based  on  heat  supplied  by  coal. 


CHAPTER   XIII 
REFRIGERATION  TESTS 

IN  Chap.  I.,  p.  25,  it  was  shown  that  the  ordinary  cycle  of  refrigeration 
with  vapour  compression  machines  is  practically  the  reverse  of  the 
Rankine  cycle  for  steam  engines.  Heat  is  taken  in  from  the  cooled 
substance,  a  certain  amount  of  work  is  done  by  the  compressor,  and 
the  heat  obtained  is  then  rejected  at  the  higher  temperature. 

A  diagrammatic  outline  sketch  of  the  arrangements  of  a  vapour- 
compression  refrigerating  plant  is  shown  in  Fig.  163.  The  compressor 
A  draws  the  working  vapour  from  the  refrigerator  coil  R  on  the  suction 
stroke,  the  suction  pressure  and  temperature  being  comparatively  low, 
and  then  compresses  it  up  to  the  pressure  and  temperature  existing  in 


Vttp o ur Suction    pipe 


Brine  pipe 


FIG.  163. — Diagrammatic  outline  of  a  vapour-compression  refrigerating  plant. 

the  condenser  coils  C  in  which  the  vapour  liquefies,  cold  water  being 
used  to  extract  the  heat  from  the  vapour.  The  liquid  then  passes 
through  the  throttle  valve  V,  where  it  is  throttled  from  the  high  pressure 
down  to  the  low  pressure  which  exists  in  the  refrigerator  coil.  The  heat 
flows  from  the  brine  to  the  working  liquid  and  vapour,  as  the  temperature 
in  the  coils  R  corresponds  to  the  vapour  pressure,  and  is  arranged  to 
be  below  the  temperature  of  the  brine  by  the  regulation  at  the  throttle 
valve  V.  A  circulating  pump  N  maintains  a  circulation  of  the  brine 
from  the  refrigerator  tank  to  the  brine  tanks  or  cooling  chambers  F  and 
back  again  to  the  refrigerator.  In  some  cases,  the  brine  is  dispensed 
with  and  the  refrigerator  coils  are  placed  in  the  cooling  chambers. 
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When  such  a  plant  is  installed  for  experimental  work  in  an 
engineering  laboratory,  it  is  advisable  to  arrange  at  least  a  4-ft.  space 
round  each  portion  of  the  plant  in  order  to  accommodate  a  number  of 
students  without  inconvenience. 

Whatever  the  working  substance  of  a  refrigerator  may  be,  one  or 
more  of  the  following  statements  may  be  taken  to  express  the  general 
purposes  of  a  test : — 

1.  To  determine  the  capacity  of  the  refrigerating  plant  per  unit  of 
time  (refrigeration  effect). 

2.  To  determine  the  power  required  to  drive  the  compressor. 

3.  To  determine  the  heat  absorbed  (refrigeration  effect)  per  unit 
of  work  expended,  i.e.  the  "  coefficient  of  performance." 

4.  To  determine  the  relation  between  the  actual  performance  of  the 
plant  and  the  theoretical  performance  of  a  perfect  refrigerator. 

5.  To  determine  the  reasons  for  the  loss  of  performance  as  compared 
with  the  theoretical  value. 

The  variable  conditions  under  which  a  plant  may  operate  are 
enumerated  as  follows  : — 

(i)  Condensing  water  temperature;  (2)  brine  temperature  and 
density ;  (3)  suction  pressure  and  temperature ;  (4)  weight  of  con- 
densing water-flow ;  (5)  weight  of  brine-flow  ;  (6)  weight  of  working 
substance  in  plant;  (7)  speed  of  compressor;  (8)  delivery  pressure 
at  compressor ;  (9)  delivery  temperature  at  compressor  ;  (10)  structural 
alterations  to  plant. 

Experiment  shows  that  most  of  the  above-mentioned  variable 
conditions  are  more  or  less  interdependent.  Under  the  actual  working 
conditions  of  a  commercial  plant  the  brine  temperatures  depend  some- 
what upon  the  weight  of  brine-flow  and  upon  the  suction  temperature 
of  the  working  substance.  The  cooling  or  condensing  water  temperatures 
may  depend  upon  the  weight  of  water-flow  and  the  amount  of  heat  that 
has  to  be  taken  up  by  the  water,  whilst  the  delivery  pressure  and 
temperature  of  the  working  substance  will  be  dependent  upon  the 
influence  of  the  other  working  conditions :  for  example,  the  delivery 
pressure  and  temperature  largely  depend  upon  the  suction  pressure 
and  wetness  of  the  suction  vapour;  upon  the  condensing  water 
temperature,  the  weight  of  the  working  substance  in  the  plant,  and  the 
amount  of  heat  which  is  taken  from  the  brine,  this  latter  being  largely 
dependent  upon  the  temperature  difference  between  the  brine  and  the 
working  substance. 

The  precise  adjustment  of  pre-arranged  conditions  in  a  refrigerating 
plant  is  a  matter  of  considerable  difficulty.  It  is  always  desirable  to 
obtain  the  conditions  of  a  test  as  steady  as  possible  before  the  test  is 
commenced,  and,  since  the  adjustment  of  any  one  of  the  variable 
conditions  would  have  some  influence  on  the  others,  the  final  effect  of 
which  is  not  generally  manifest  for  some  considerable  time  after  the 
adjustment  is  made,  such  adjustments  should  be  made  carefully,  as 
much  valuable  time  might  be  wasted  or  the  value  of  the  results  thereby 
reduced. 

Measurement  of  Refrigerating  Effect.— The  methods  to  be  adopted 
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to  determine  the  refrigerating  capacity  of  a  plant  would  depend  upon 
the  character  of  the  plant,  the  objects  of  the  test,  and  the  nature  of 
the  guarantees.  In  the  case  of  an  ice-making  plant,  the  maker's 
guarantees  would  probably  refer  to  the  weight  of  ice  production 
per  hour  (net  refrigerating  effect)  under  given  conditions  ;  the  capacity 
of  the  plant  would  therefore  be  tested  as  nearly  as  possible  under  the 
guarantee  conditions,  by  weighing  the  production  of  ice  over  a  lengthy 
period,  say  at  least  one  day's  run  on  a  large  plant,  with  all  the 
conditions  as  constant  as  possible.  The  freezing  or  ice  tanks  should 
be  kept  in  the  brine  long  enough  to  ensure  complete  freezing  through- 
out each  block,  but  it  would  be  unfair  to  keep  the  blocks  in  the  brine 
tanks  after  the  freezing  process  was  quite  complete.  The  approximate 
length  of  time  required  for  complete  freezing  should  be  ascertained 
before  the  start  of  the  test  by  breaking  up  several  blocks  which  have 
been  in  the  freezing  tanks  for  different  periods.  The  labour  of  weighing 
the  ice  production  could  be  greatly  reduced  by  weighing  a  few  sample 
blocks,  and  taking  care  that  each  freezing  or  ice  tank  was  filled  with 
water  to  a  definitely  arranged  level.  In  such  a  case,  the  weight  of  the 
ice  tank  with  the  block  might  be  obtained  before  the  ice  block  was 
removed,  and  the  weight  of  the  empty  tank  deducted  to  find  the  weight 
of  the  ice  block.  The  number  of  ice  blocks  produced  should  be 
carefully  and  systematically  noted. 

Let  4  =  outside   temperature   of  water   placed   in  freezing  or  ice 

tanks,  °  F. 
ft  =  mean  temperature  of  ice  taken  from  tanks,  °  F. 

Then  the  heat  taken  from  each  pound  of  water  and  ice  is — 

1(4,  -  32)  -f  i44  +  0-5(32  -  /,)}  B.Th.U. 

The  water  temperature  4  is  easily  measured,  and  should  be  taken  well 
away  from  the  brine  tanks,  but  the  average  ice  temperature  tt  is  rather 
difficult  to  obtain,  and  is  usually  assumed  to  be  about  26°  to  28°  F. 
with  the  brine  at  about  22°F. ;  a  small  error  in  the  estimation  of  ft 
does  not  materially  affect  the  result.  The  net  refrigerating  effect  per 
unit  of  time,  measured  in  heat  units,  can  be  obtained  by  multiplying 
the  heat  extracted  from  each  pound  of  water  by  the  pounds  weight  of 
ice  production  per  unit  of  time. 

Although  the  above  method  is  only  approximate,  it  is  more  or  less 
satisfactory  for  the  purpose  in  view.  In  addition,  it  is  often  desirable 
to  ascertain  the  gross  refrigerating  effect — that  is,  the  total  heat  taken  in 
by  the  circulating  brine  per  unit  of  time.  In  many  cases,  the  brine  is 
used  for  cooling  purposes  quite  distinct  from  ice-making,  and  it  then 
becomes  necessary  to  measure  the  gross  refrigerating  capacity  by  obser- 
vations on  the  brine  temperatures  at  the  refrigerator  inlet  and  outlet, 
besides  obtaining  the  weight  of  brine-flow  and  the  density  of  the  brine. 

One  of  the  most  convenient  methods  for  measuring  the  brine-flow 
is  that  represented  in  Fig.  132,  p.  224,  either  using  one  circular  sharp- 
edged  orifice  or  a  series  of  small  orifices  as  mentioned  on  p.  224.  The 
measuring  vessel  containing  the  orifices  should  be  well  insulated  and 
no  larger  than  is  really  necessary  for  the  test,  and  should  be  placed 
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directly  over  the  refrigerator  tank,  so  that  the  brine  drops  straight  into 
this  tank  with  a  minimum  of  exposure  to  the  atmosphere.  The  same 
formula  for  calculating  the  volume  of  brine-flow  is  applicable  (see  p.  224), 
and  the  weight  is  obtained  by  multiplying  the  volume  by  the  density. 
The  density  can  be  ascertained  by  carefully  weighing  a  given  volume, 
say  one  or  two  gallons.  If  W  Ibs.  is  the  weight  of  one  gallon  of  brine, 
then  the  approximate  density  of  the  brine  is  6-23W  Ibs.  per  cubic  foot. 
The  specific  gravity  of  the  brine  can  also  be  measured  by  means  of  a 
salinometer  or  hydrometer.  The  density  is  the  product  of  the  specific 
gravity  and  the  density  of  water  at  the  same  temperature. 

The  outlet  and  inlet  temperatures  of  the  brine  should  be  measured  as 
near  to  the  refrigerator  as  possible,  with  the  thermometer  pockets 
placed  well  into  the  flow  of  brine,  a  little  mercury,  compressor  oil,  or 
salt  solution  being  placed  in  the  pocket  to  increase  the  thermal 
contact. 

Let  W  =  total  weight  of  brine-flow  in  test,  Ibs. 

/j  =  average  inlet  temperature  of  brine  at  refrigerator,  °  F. 
4=       „       outlet  „  „  „  „      °F. 

tt  =  inlet  brine  temperature  at  refrigerator  R  (Fig.  163)  at  start 

of  test,  °  F. 
tl  —  inlet  brine  temperature  at  refrigerator  R  (Fig.   163)  at 

finish  of  test,  °  F. 

M  =  weight  of  brine  in  refrigerator  tanks  R  (Fig.  163)  Ibs. 
(including  equivalent  of  metal  in  pounds  of  brine). 

Tj  =  mean  brine  temp,  at  start  of  test  =  —  -  start. 

™  ,  inlet  -f-  outlet       . 

12=         „         „         „       end          „    =  -     — —      -  finish. 

s  =  specific  heat  of  brine  (see  table,  p.  382). 
n  =  duration  of  test,  minutes. 
Heat  taken  from  brine  in  test  due  to  average)      ,Tr  , t 

fall  of  temperature  }  =  W^  "  $  B  Th'U' 

Heat  taken  from  brine  due  to  fall  of  mean)  _  M  /T  _  T  \ 

temperature  in  refrigerator  tank  L  l 

Heat  to  be  allowed  for  due  to  fall  of  inlet) 
brine  temperature  at  refrigerator  tank  f 

Heat  obtained  from  brine  per  minute l 

We  Me 

=  ~(A  -  4)  +    -{(T!  -  T2)  -  (ft  -  //)}  B.Th.U. 

If  possible,  the  brine  temperatures  should  be  kept  uniform,  but 
under  working  conditions  this  is  not  generally  possible,  and  to  reduce 
the  errors  due  to  the  temperature  fluctuations  to  the  lowest  limits  the 
test  should  be  made  of  several  hours'  duration  after  the  conditions  are 
approximately  steady,  though  for  a  small  plant  a  shorter  period  might 
be  satisfactory. 

In  connection  with  a  refrigerating  plant  which  is  used  for  cold 
storage  purposes,  the  brine  or  other  cooling  agent  might  be  circulaed 

1  Any  variations  of  temperature  should  be  small  and  should  take  place  gradually. 
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through  pipes  in  the  cooling  chambers.  The  moisture  from  the  air 
and  from  the  cooled  substances  would  condense  or  freeze  on  the  brine 
pipes  and  would  probably  accumulate  gradually  on  these  pipes,  and 
it  is  well  known  that  such  a  frost  deposit  increases  the  resistance  to 
the  flow  of  heat  from  the  chamber  into  the  brine,  so  that  when  a  test 
is  to  be  made  the  condition  of  these  pipes  should  be  noted  ;  and,  unless 
otherwise  specified,  the  test  should  be  made  under  the  normal  conditions. 
Measurement  of  the  Net  Refrigerating  Effect  by  the  Condensation 
of  Steam. — The  steam-condensation  method  is  applicable  to  the  testing 
of  an  ice-making  plant  when  boiler  steam  is  available,  and  when  no 
great  inconvenience  would  be  caused  by  a  temporary  stoppage  of  ice 
production.  It  also  provides  a  very  convenient  arrangement  for  a 
small  refrigerating  plant  such  as  is  sometimes  installed  in  engineering 
laboratories  for  experimental  work.  The  brine  would  be  circulated  in 
the  brine  tanks  in  the  ordinary  way,  and  instead  of  placing  water  in  the 
ice  tanks,  one  or  more  steam-pipe 
coils  would  be  fixed  in  the  brine 
tank  as  represented  in  Fig.  164. 
The  internal  diameter  of  the  pipes 
might  vary  between  J  in.  and  i  in. 
according  to  the  size  of  the  plant, 
and  should  be  made  so  as  to  be 
easily  detachable.  The  vertical  outlet 
end  of  the  pipe  should  be  as  short 
as  possible  to  prevent  the  danger  of 
the  condensed  steam  being  frozen 

and   thus   choking    or    stopping   the  *  ., 

c   ,,  5       —,  L    FIG.   164. — Arrangement  of  steam  coil 

action  of  the  coil.     To  ensure  that         for  £eating  b*ine  in  refrigerating 
the  steam  entering  the  coil  should  be          tank, 
thoroughly    dry,    it    is    desirable    to 

introduce  a  separator  between  the  main  steam  pipe  and  the  throttle 
valve  at  the  coil,  so  that  if  ordinary  boiler  steam  pressures  were 
available  the  steam  entering  the  coil  would  probably  be  slightly 
superheated  by  the  throttling.  The  steam  pressure  would  be 
measured  by  the  gauge  G,  and  the  inlet  steam  temperature  and 
outlet  water  temperature  would  be  obtained  by  thermometers,  /\  and 
4,  inserted  in  suitable  pockets.  The  steam  pressure  and  tempera- 
ture could  be  adjusted  to  suit  the  conditions  by  placing  a  cock,  C,  on 
the  pipe  outlet,  and  the  inlet  and  outlet  cocks  would  then  be  regulated 
so  that  the  condensed  steam  entered  the  weighing  tank  or  measuring 
vessel  at  about  atmospheric  temperature.  If  the  steam  coil  pipe  is 
made  too  large  in  diameter  it  becomes  difficult  to  control  the  outlet 
temperature  of  the  water  and  there  is  then  a  danger  of  getting  the 
water  frozen,  so  that  it  is  better  to  use  pipes  of  small  diameter  if  there 
is  sufficient  steam  pressure  to  create  a  proper  flow  of  steam.  When 
well  arranged,  this  method  is  much  more  accurate  than  that  of  measuring 
the  ice-producing  capacity  direct,  but  it  does  not,  however,  give  a  proper 
indication  of  the  capacity  or  efficiency  of  the  brine  and  ice  tanks  as  an 
ice-producing  part  of  the  plant. 
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Let  w  =  Ibs.  weight  of  steam  condensed  per  minute. 
H  =  heat  given  up  by  each  pound  of  steam. 
=  (latent  heat  -f  sensible  heat),  B.Th.U. 
I  =  heat  given  up  per  Ib.  water  converted  to  ice,  B.Th.U. 
X  =  equivalent  ice  production,  Ibs.  per  minute. 

Then      Heat  given  out  by  steam  =  w  X  H   B.Th.U.  per  minute 

=  X   X   I 


.   v  „ 

.  .  X  =  —  Ibs. 

Another  convenient  arrangement  for  small  plants  where  a  supply  of 
electrical  current  is  available  is  to  heat  up  the  brine  by  means  of  a 
lamp  resistance  immersed  in  the  brine.  The  heat  supplied  to  the  brine 
can  then  be  calculated  if  the  watts  used  are  measured. 

Since  the  temperature  of  the  atmosphere  is  usually  higher  than  that 
of  the  brine,  a  certain  amount  of  heat  flows  from  the  atmosphere  to  the 
brine,  which  would  be  additional  to  that  obtained  from  the  steam  or 
from  the  water  in  the  ice  tanks.  Some  of  this  would  probably  be  due 
to  the  condensation  of  the  atmospheric  vapour  on  the  brine  pipes  and 
tanks  and  on  the  brine  surface  in  the  tanks,  and  some  of  it  due  to  the 
cooling  of  the  air  in  contact  with  such  surfaces.  If  accurate  measure- 
ments were  made  of  the  brine  temperatures,  of  the  quantity  of  brine- 
flow,  and  of  the  density  of  the  brine  as  described  on  p.  314,  it  would 
then  be  possible  to  calculate  the  heat  obtained  from  the  atmosphere  as 
being  the  difference  between  that  given  up  by  the  steam  and  that  which 
is  given  to  the  brine. 

It  is  also  possible  to  make  an  approximate  estimate  of  the  gross 
refrigerating  effect  by  measuring  the  quantity  of  heat  given  to  the 
condensing  water  and  the  amount  of  work  done  by  the  compressor, 
especially  if  the  ammonia  suction  pipes  and  the  compressor  cylinder 
were  well  covered  with  non-conducting  covering. 

This  is  expressed  by  the  following  relation  :  — 

Total    heat    given   to  con-  1  __  f  Total   heat   obtained   from    brine  ) 
densing  water  I  .     f      (gross  refrigeration  effect)  j 

(  Heat  equivalent  of  compressor)      (Heat  absorbed  from  atmosphere 
-H     work,     including     frictional  |  +  j     between  refrigerator  tank  and 
(     work  in  cylinder  j      (     condenser  tank 


Generally  speaking,  the  heat  equivalent  of  the  frictional  work  in  the 
cylinder  and  the  heat  absorbed  from  the  atmosphere  at  the  compressor 
and  connecting  pipes  are  small  compared  to  the  total  heat  given  to 
the  condensing  water,  so  that  the  gross  refrigerating  effect  is  approxi- 
mately the  difference  between  the  heat  given  to  the  condensing  water 
and  the  heat  equivalent  of  the  work  done  in  compressing  the  vapour. 
The  weight  of  condensing  water  used  could  be  measured  in  the  manner 
previously  described  (p.  224) ;  the  inlet  and  outlet  temperatures  should 
be  obtained  as  accurately  as  possible ;  whilst  the  compressor  work  could 
be  calculated  from  the  compressor  indicator  diagrams,  knowing  the 
speed  and  the  compressor  dimensions. 
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Let  W  =  weight  of  condensing  water  used  in  test,  Ibs. 
//  =  average  inlet  temperature  during  test,  °  F. 
ti  =      „        outlet        „  „  „  °  F. 

/0  =  inlet  water  temperature  at  start  of  test,  °  F. 
/„'  =     „  „  „  end         „     °F. 

M'  =  weight  of  water  in  condensing  tanks,  including  the  water- 
equivalent  of  metal  in  tanks,  Ibs. 

T/  =  mean  water  temperature  at  start  =  at  start' 

,r,  i  r-  •  ,        inlet  -f-  outlet    .  c  •  i 

T2  =     „  „  „      finish  =  -  at  finish. 

2 

n  =  duration  of  test,  minutes. 

Heat  given  to  water  in  test  due  to)  _  w,       /,,        ,/\  r>  TU  TT 

average  rise  of  temperature          \  ~ 
Heat  given  to  water  due  to  average  i  _  ,. ,       /T  '  _  T  '^ 

temp,  rise  of  water  in  tank  }~  l '      » 

Heat  introduced  by  water  due  to)       A/fr  ^  /  .t       .\ 

rise  of  inlet  temp.  f~         X  (  /0  "  /0' 

Heat  given  to  condensing  water  per  minute l 

[W  M'  1 

-W  -  //)  +  -{(T,'  -  TV)  -  (/„'  -  /0)}J  B.Th.U. 

Cooling  Method  of  Measuring  the  Gross  Refrigerating  Effect.— 
Under  some  circumstances  it  might  be  impossible  to  ensure  anything 
like  steady  conditions  for  any  lengthy  period,  and  if  the  brine  circula- 
tion could  be  conveniently  stopped  for  a  short  period,  an  approximate 
estimate  of  the  gross  refrigerating  effect  would  then  be  possible,  based 
upon  the  average  fall  of  temperature  which  would  occur  in  the  refrigerat- 
ing tank  and  the  heat  capacity  of  the  brine.  A  cup  thermometer  could 
be  used  to  measure  the  average  temperatures  when  the  brine  is  kept 
well  stirred.  The  weight  of  brine  in  the  tank  would  be  obtained  by 
calculation  from  the  measured  tank  capacity  and  the  density  of  the 
brine,  the  heat-equivalent  of  the  tank  and  coils  being  allowed  for. 

There  is  a  certain  amount  of  unreliability  in  estimating  the  average 
brine  temperature  at  any  particular  time,  and  in  the  estimation  of  the 
heat  capacity  of  the  tank  and  of  the  insulation  on  the  tank,  so  that  the 
above  method  must  be  regarded  as  only  giving  a  rough  approximation. 
The  method  is  further  liable  to  serious  error  should  the  temperature  of 
the  brine  be  lowered  sufficiently  to  cause  some  of  the  salt  to  come  out 
of  solution,  as  such  salt  would  give  up  a  certain  amount  of  heat  on 
coming  out  of  the  solution.  If,  however,  the  average  temperature 
observations  obtained  during  the  course  of  the  test  were  plotted  on  a 
time  base,  any  separation  of  the  salt  would  probably  become  manifest 
by  the  apparent  discontinuity  of  the  curve  of  temperatures.  If  the 
suction  vapour  temperature  were  also  measured,  it  would  probably  be 

1  Any  variations  of  temperature  during  a  test  should  be  small  compared  with 
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found  that  any  deposit  of  the  salt  on  the  pipes  would  be  followed  by 
an  abnormal  temperature  difference  between  the  brine  and  the  vapour. 
A  further  objection  which  can  be  urged  against  this  cooling  method 
where  there  are  no  special  stirrers  in  the  refrigerator  tank,  is  the 
retarding  influence  to  the  flow  of  heat  which  is  caused  by  the  stagnant 
brine  as  compared  to  flowing  brine,  but  this  is  not  likely  to  be  a  serious 
objection  if  the  brine  is  well  stirred  during  the  test. 
Let  M  =  Ibs.  weight  of  brine  in  the  tank. 

m  =  Ibs.  weight  of  brine  equivalent  to  the  metal  in  the  tank 

and  coils,  neglecting  insulation. 
s  =  specific  heat  of  the  brine. 
/!  =  average  initial  temperature,  °  F. 
/a  =       „       final  „  °  F. 

n  =  duration  of  test,  minutes. 
Then- 
Heat  absorbed  from  brine  or  )      (M  +  w)      ,       /  w  c  -R  Th  TT  ™»r  min 

_  .  .          -p  >  —  x  (*2 —  f\)  X  •>  r>.  i  n.  u .  per  mm. 

gross  refrigerating  effect     )  n 

Indicated  Horse-power  of  Compressors.— The  work  done  on  the 
vapour  by  the  compressor  piston  can  be  calculated  in  the  usual  manner 
from  indicator  diagrams,  but  such  diagrams  are  usually  more  difficult  to 
obtain  than  from  steam  engines  or  air  compressors,  more  especially 
in  the  case  of  carbon-dioxide  machines.  Most  makers  now  provide 
indicator  holes  in  the  compressor  cylinder  into  which  the  standard 
indicator  cock  can  be  screwed  directly,  and  these  holes  should  be  of 
comparatively  small  diameter  and  as  short  as  possible,  so  as  to  reduce 
the  clearance  volume  to  the  lowest  possible  limits. 

Before  an  indicator  cock  is  screwed  into  the  compressor  cylinder 
the  suction  shut-off  valve  should  be  closed  and  the  compressor  run 
slowly  until  the  suction  pressure  in  the  cylinder  is  considerably  below 
that  under  working  conditions ;  the  delivery  stop  valves  should  then  be 
closed,  and  the  compressor  piston  placed  well  on  the  suction  stroke  be- 
fore the  indicator  plug  is  taken  out.  To  get  rid  of  air  which  may  have 
entered  the  cylinder  whilst  the  cock  is  being  screwed  in,  the  compressor 
might  be  turned  backwards  to  the  end  of  the  stroke  with  the  indicator 
cock  partially  open,  the  cock  being  then  closed.  The  delivery  stop 
valve  would  then  be  opened  and  the  compressor  started  slowly,  after 
which  the  suction  stop  valve  could  be  gradually  opened. 

An  indicator  which  is  specially  intended  for  use  on  an  ammonia 
compressor  should  have  all  the  parts  made  of  iron  or  steel,  as  the 
ammonia  would  attack  copper  or  brass ;  but  it  is  possible,  however,  to 
use  the  ordinary  bronze  or  brass  indicators  on  ammonia  compressors  if 
all  the  internal  parts  of  the  indicator  are  well  covered  with  compressor 
oil  and  the  indicator  is  used  for  only  one  or  two  diagrams.  The  piston  and 
spring  should  then  be  removed  immediately,  cleaned,  and  again  oiled. 

The  indicator  cock  for  carbon-dioxide  machines  should  be  specially 
well  made  and  of  small  volume  capacity,  and  the  indicator  piston  should 
have  a  good  fit  in  the  cylinder,  or  serious  leakage  would  probably  take 
place  under  the  high  pressures  which  are  used  on  such  machines. 
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The  normal  type  of  compressor  diagram  is  represented  by  the  full 
line  abed  in  Fig.  165,  which  exhibits  all  the  peculiar  features  of  a 
compressor  diagram  where  the 
valves  are  automatic  and  spring- 
controlled.  There  are  several  pos- 
sible variations  from  the  normal 
type  of  diagram.  Referring  first 

to  the  diagram  abc^d^  it  is  seen 

that  the  dotted  delivery  line  be,  FlG>  l65._Indicator "diagram  from  am- 
crosses  the  delivery  pressure  line  monia  compressor. 

kk\  and  this  would  appear  to  be 

due  either  to  piston  leakage  or  to  the  leakage  of  the  suction  valves, 
but  it  could  be  caused  in  small  compressors  by  an  excessive  leakage 
at  the  indicator  piston  while  the  diagrams  were  being  obtained. 
It  is  therefore  desirable  that  indicator  piston  leakage  should  be 
reduced  to  the  lowest  possible  limits  consistent  with  the  nearly  fric- 
tionless  working  of  the  indicator.  Considering  now  the  diagram  abcd^ 
it  would  at  first  sight  appear  from  such  a  diagram  that  the  clearance 
volume  was  excessive  or  that  the  delivery  valves  were  leaky,  either  of 
which  might  account  for  the  abnormal  re-expansion  line  cd^  but  this 
might  also  be  due  to  an  excessive  opening  of  the  regulating  or  throttle 
valve  allowing  an  excessive  amount  of  liquid  to  enter  with  the  vapour 
during  the  suction  stroke,  some  of  the  liquid  remaining  in  the  cylinder 
at  the  end  of  the  delivery  stroke  and  then  evaporating  in  the  cylinder 
during  the  following  suction  stroke.  Excessive  valve  or  piston  leakage 
would  probably  show  itself  on  the  compression  line  as  well  as  on  the 
re-expansion  line. 

Coefficient  of  Performance. —  The  general  meaning  of  this  term  is 
expressed  by  the  ratio — 

Heat  taken  in  by  refrigerating  substance  (i.e.  refrigerating  effect) 
Heat  equivalent  of  the  work  done  at  the  compressor 

The  actual  coefficient  of  performance  could  be  stated  as  a  gross  or  as  a 
net  value  according  to  whether  the  gross  or  the  net  refrigerating  effect 
is  used  in  the  calculation. 

The  theoretical  coefficient  of  performance  applied  to  practical 
operating  conditions  is  rather  an  elastic  term,  depending  upon  the  cycle 
of  operations  which  is  assumed  and  the  temperature  limits  under  which 
it  is  supposed  that  a  theoretically  perfect  plant  could  operate.  For  a 
vapour-compression  machine,  working  with  either  wet  or  dry  com- 
pression, the  reversed  Rankine  cycle  (p.  25)  could  be  assumed  to 
represent  the  theoretical  cycle.  The  mean  temperature  of  the  brine,  or 
other  cooled  substance,  in  the  refrigerator  system  might  be  taken  as  the 
lower  limit  of  temperature,  and  the  mean  temperature  of  the  condensing 
water  or  the  inlet  temperature  taken  as  the  higher  limit  at  which  the 
vapour  is  supposed  to  condense. 

The  theoretical  coefficient  of  performance  might  also  be  referred 
to  the  compressor  conditions,  the  lower  limit  of  temperature  and 
pressure  being  that  of  the  working  substance  on  the  suction  side  of 
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the  cylinder,  and  the  higher  limit  taken  to  be  that  obtaining  on  the 
delivery  side. 

When  a  complete  refrigerator  test  is  made  with  a  view  to  drawing 
up  finally  a  complete  heat  account,  it  is  necessary  to  make  complete 
measurements  of  the  heat  given  to  the  cooling  water,  the  heat  taken 
from  the  brine  or  cooled  substance,  and  the  work  done  at  the  com- 
pressor. The  expression  for  the  heat  balance  given  on  p.  316  could 
then  be  used  to  determine  the  unbalanced  heat  effect,  which  is  there 
stated  as  the  heat  obtained  from  the  atmosphere,  but  which  also  really 
includes  the  effect  of  any  errors  of  measurement. 

Although  there  are  other  types  of  refrigerating  machines  besides  the 
vapour-compression  type,  such,  for  instance,  as  the  vapour-absorption 
refrigerators,  sufficient  has  been  said  to  enable  any  one  who  understands 
the  action  of  such  machines  to  make  an  efficiency  test  and  to  deduce 
the  coefficient  of  performance  from  actual  measurements.  The  theory 
and  action  of  the  various  types  of  refrigerators  are  ably  dealt  with  in 
Professor  Ewing's  book  on  "  The  Mechanical  Production  of  Cold." 

TEST  MADE  ON  A  SMALL  REFRIGERATING  PLANT  AT  THE  GLASGOW 
AND  WEST  OF  SCOTLAND  TECHNICAL  COLLEGE. 

Particulars  of  Plant. 

Working  substance,  ammonia. 

Brine  was  a  solution  of  calcium  chloride  in  water. 

Compressor. 

Vertical,  single-acting,  belt-driven. 

Cylinder  diameter,  5  ins. ;  stroke,  5  ins. ;  revolutions  per  minute, 
about  120.  Intended  to  work  on  the  wet  compression  system. 

Ammonia  Condenser. 

Submerged  type  with  single  spiral  condensing  coil. 

No.  of  turns  of  coil,  22;  mean  coil  diameter,  17 \  ins.;  outside 
diameter  of  pipe,  ij  in. ;  condenser  tank,  2 if  ins.  diameter;  depth  of 
water  in  condenser  tank,  about  4  ft. 

Refrigerator. 

Submerged  type.  Tank  and  coil  of  same  dimensions  as  condenser, 
and  insulated  with  cork  chippings  about  5  ins.  in  thickness,  surrounded 
by  wood  lagging. 

Brine  pipes  and  suction  ammonia  pipes  were  lagged  with  a  cork 
composition. 

The  quantity  of  brine-flow  was  measured  in  two  tanks,  each  of  about 
12  gallons  capacity,  and  placed  over  the  brine  suction  tank.  A  special 
gas-burner  was  placed  under  this  brine  suction  tank  so  as  to  heat  up  the 
brine  before  being  sent  to  the  refrigerator  again. 

The  circulating  or  condensing  water  was  taken  from  the  town's 
main  and  measured  in  weighing  tanks  on  leaving  the  condenser. 

Special  thermometer  pockets  were  used  at  each  point  at  which 
temperature  was  measured. 

Before  the  test  was  commenced  the  plant  was  kept  running  two  to 
three  hours  so  as  ^o  obtain  steady  conditions.  A  larger  plant  might 
require  a  longer  preliminary  run  to  obtain  steady  temperatures. 
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RESULTS  OF  TEST  (Calculations  on  p.  322). 

Duration  of  test,  minutes  ..............  60 

Barometric  pressure,  ins.  mercury  ...........  297 

Air  temperature,  °  F  ................  56 

Revolutions  in  test  ............  7162 

Ammonia  „  per  minute  .     .  .....  H9'4 

compressor    M.E.P.  Ibs./sq.  in  .............  557 

I.H.P  .................         1-65 

Ammonia  discharge  gauge  pressure,  Ibs.  per  sq.  in  ......  i6o'8 

„         suction  „  „  „  .....  32 

„         discharge  gauge  temperature,  °  F  ........  867 

„         suction  „  „  „      .......  17-8 

„         inlet  temperature  at  condenser,  °  F  .......  85*5 

outlet  „  „  „        ......  817 

„         inlet  „  refrigerator  „        ......  14-9 

outlet  „  „          „        ......  14-6 

Weight  of  condensing  water  in  test,  Ibs  ..........  332'8 

,,  „  per  minute,  Ibs  ........         5-55 

„  „  held  in  tank,  Ibs  ........  644 

Condensing  water,  average  inlet  temperature,  °  F  ......  44-9 

„  „  outlet        „  „       .....  80-5 

temperature  rise,  °  F  ......  35*6 


Change  of                 -         temperatures    in  test,  °  F  .....  n  rise 

„            inlet  temperature  in  test,  °  F  .........  0*3  rise 

Volume  of  brine-flow  in  test,  gallons    .......... 

„  „  per  minute,  gallons      ........ 

Brine  inlet  temperature  to  refrigerator,  °  F  ........  26'  I 

„      outlet  temperature  from  refrigerator,  °  F  .......  18*24 

„      difference  of  temperature        „            „        ......  7-86 

Change  of  (OUtlet  +  mlet  temperatures)  in  test,  °  F  .....  0-35  rise 

Change  of  brine  inlet  temperature  to  refrigerator  tank  in  test,  °  F.  o'i  fall 

Specific  gravity  of  brine      ..............  I  '2 

„        heat  of  brine  ................  072 

Weight  brine-flow  per  minute,  Ibs  ............  257 

„         „       in  refrigerator  tank     ...........  780 

Heat  given  to  condensing  water,  B.Th.U./minute     .....  206 

„     taken      from     brine     (i.e.      gross     refrigerating     effect) 

B.Th.U./minute  ...............  1407 

„     equivalent  of    indicated  work   at   compressor    cylinder, 

B.Th.U,  /minute     ..............  69-1 

„     flow  from  air  to  system,  B.Th.U./minute      ......  —3*8 

Actual  coefficient  of  performance  l  ...........  2-03 

Theoretical  coefficient  of  performance  (reversed  Rankine  cycle 

with  compressor  temperatures)     ..........  6*41 

Actual  coefficient  of  performance  1 
Ratio  Theoretical  coefficient  of  performance     ....... 

Heat  taken   from  brine   per  minute  per  compressor  I.H.P., 

B.Th.U  ...................  85-3 

1  A  larger  plant  operating  under  the  same  temperature  conditions  would  probably 
have  a  greater  coefficient  of  performance  than  the  small  plant  under  consideration. 

Y 
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Calculations.  — 

I.H.P.  =  557  XTTX  52X5  X  119-4  =     6 

4  X  12  x  33>°oo 
Heat  rejected  to  condensing ) 

water  in  test  (see  p.  317)}  =  (332'8  X  (8°'5  ~  44>9)  +  644(l<1  "  °'3)} 

=  12,355  B.Th.U. 

Heat  to   condensing  water)      12,355 
per  minute  f          6o~ 

Heat  taken  from  brine  per)  /  f 

minute  (see  p.  3x4)  }=  "57  Xo  7»  X  (26-1  -  18-24) 

+  -g-X  072  X(-o'35  -o-x) 
=  1407  B.Th.U. 

Heat  equivalent  of  indicated)  _  1*65  X  33»000  =  5  .    B  Th  U 

compressor  work  per  min.  j  ~  778 

Heat  from  atmosphere   per^ 

minute  (including  heat  due  ( =  2o6  —  1407  —  69*1  =  —3*8  B.Th.U 

to  frictional  work)  j 

Actual  gross   coefficient  of)  __  I4Q'7  __    . 
performance  J  ~~  69*1 

Theoretical     coefficient    ofi  -.-     _    /     __     ^ 

performance     with     wetr  =  _    q*  ^  V--  (see  p.  2  6) 

compression  (see  p.  26)    J       Li  +  W  "~  Tv  ~  ft1* 
s  =  specific  heat  of  liquid  ammonia  =  0*95,  approximately 
TJ  =  absolute  saturation  temperature ) 

at  compressor  discharge         \m     6'7  +  461    =5477    F. 
TS  =  absolute  saturation  temperature ) 

at  compressor  suction  }  =  *T*  +  461  =  478'8°  F. 

also  q,  =  -g  •  (0-95  loge  ^  +  ^)  =  |||(o-95  X  loge  |i|  +  ffi)  =  o-893 

.*.  Theoretical  coefficient  of 
performance  (compressor 


conditions  of  temperature 


_       Q'893  X  578  -  0-95(867  -  17-8) 

521  +  0-95(867-17-8)- 0-893  x  578 


and  pressure) 

=  6-41 

Actual  coefficient  of  performance  _  2  '03  __ 
Theoretical  coefficient  of  performance  ~~  6*41  ~ 
Heat  taken  from  brine  per  minute  per)  140*7 

compressor  I.H.P.  5  ~  T7^"    85'3  J3-ln'U' 


CHAPTER   XIV 
TESTING    OF  AIR  COMPRESSORS,  AIR  MOTORS,  ETC. 

Air  Compressors  and  Air  Motors. — Compressed  air  is  now  largely 
used  in  all  kinds  of  engineering  and  other  works  for  the  operation  of 
certain  classes  of  tools.  Either  one,  two,  or  three  stage  reciprocating 
air  compressors  are  generally  adopted,  driven  by  a  steam  or  an  internal 
combustion  engine,  or  by  an  electric  motor,  whilst  small  compressors 
are  sometimes  belt  driven.  Rotary  steam  turbine-driven  air  compres- 
sors have  been  introduced  in  recent  years,  the  compressor  working  on 
the  principle  of  a  reversed  turbine. 

Whatever  the  type  of  compressor  may  be,  an  ordinary  test  would  be 
concerned  principally  with  one  or  more  of  the  following  objects  :  (i) 
The  reliability  of  the  compressor  under  working  conditions ;  (2)  the 
mechanical  efficiency ;  (3)  the  volumetric  efficiency,  air  efficiency,  and 
the  laws  of  compression. 

It  has  been  previously  mentioned  in  connection  with  other  testing 
arrangements  that  when  a  series  of  tests  are  to  be  undertaken,  it  is  most 
desirable  that,  between  different  tests,  not  more  than  one  independent 
variable  condition  should  be  altered  during  each  set  of  tests,  the  variable 
condition  being  selected  to  suit  the  objects  of  the  experiments. 

The  principal  independent  variable  conditions  for  an  air  compressor 
may  be  stated  as  follows:  (i)  Pressure  of  air  delivery;  (2)  speed  of 
rotation;  (3)  water  jacket  and  intercooler  temperatures;  (4)  inlet  air 
temperature  and  pressure;  (5)  structural  alterations  affecting  suction  or 
delivery  valves,  intercoolers,  number  of  compression  stages,  etc. 

In  connection  with  air  motors,  the  independent  variable  conditions 
would  be:  (i)  Pressure  of  air  at  inlet  to  motor;  (2)  temperature  of 
air  at  inlet  to  motor,  and  at  the  several  stages  if  more  than  one  stage ; 
(3)  condition  of  air  as  regards  moisture;  (4)  speed  of  rotation;  (5) 
structural  alterations. 

To  determine  the  mechanical  efficiency  and  to  find  the  apparent  volu- 
metric and  the  air  efficiencies  of  a  compressor  or  motor  necessitates  the 
taking  of  indicator  diagrams,  and  if  it  were  intended  to  make  important 
deductions  from  such  diagrams  it  would  be  most  essential  that  every 
care  should  be  taken  to  ensure  reasonable  accuracy.  If  the  compressor 
were  direct  steam  driven,  the  mechanical  efficiency  would  be  obtained 

by  the  ratio   — '  T  H  P  '     ^^  an^  otner  driving  arrangement  it 

would   be   necessary   to   measure   the   power   required   to   drive   the 
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compressor,  and  this  would  take  the  place  of  the  steam  I.H.P.  in  the 
above  expression.  The  mechanical  efficiency  of  an  air  motor  could  be 
obtained  in  the  same  manner  as  for  a  steam  engine  under  similar 
conditions. 

Apparent  Volumetric  Efficiency. — The  indicator  diagram  from  a 
single-stage  air  compressor,  or  from  the  low-pressure  cylinder  of  a 
multi-stage  compressor  would  be  similar  to  that  shown  in  Fig.  166. 
AL  is  the  atmospheric  line,  and  the  suction  stroke  is  in  the  direction 
A  to  L.  Owing  to  the  re-expansion  of  air  in  the  clearance  space,  the 


FIG.  166. — Low-pressure  indicator 
diagram  from  air  compressor. 


FIG.  167. — High-pressure  indicator 
diagram  from  air  compressor. 


actual  suction  only  begins  at  the  point  B  where  the  re-expansion  line 
cuts  the  atmospheric  line.  From  C  to  D  compression  takes  place, 
followed  by  the  delivery  of  the  air  up  to  the  point  E.  On  account  of 
the  re-expansion  of  the  clearance  air,  and  because  of  the  suction  line 
being  slightly  below  atmospheric  pressure,  the  actual  volume  taken  in 
under  atmospheric  pressure  conditions  is  apparently  represented  by  the 
distance  BF  on  the  diagram,  neglecting  any  leakage  of  the  delivery 
valves.  The  ratio  of  the  length  BF  to  the  length  of  the  diagram,  i.e. 
~RT? 

-p::- ,  is  termed  the   "  apparent  volumetric  efficiency "  of  the  cylinder 

AL/ 

considered.     It   is   evident   that  the  smaller  the  clearance  space  and 

the  nearer  the  suction  pressure  approaches  the  atmospheric,  the  greater 

would  be  the  distance  BF  and  the  higher  the  volumetric  efficiency. 

B'F' 
From  similar  considerations,  the  ratio  |QJ  in  Fig.   167  represents 

the  apparent  volumetric  efficiency  of  any  subsequent  stage  of  com- 
pression, where  the  line  RL  is  the  average  receiver  or  intercooler 
pressure. 

Combined  Diagrams. — In  order  to  study  the  relations  between  the 
various  stages  of  a  multiple-stage  air  compressor  or  motor  it  is  often 
convenient  to  set  out  the  air  indicator  diagrams  on  a  common  base  of 
volumes.  Fig.  168  shows  the  combined  diagrams  of  a  two-stage  air 
compressor.  Here  KM  and  GH  respectively  represent  to  the  same 
scale  the  stroke  volumes  of  the  low-pressure  and  the  high-pressure 
pistons,  and  OK  and  OG  represent  the  clearance  volumes  in  the  same 
respective  cylinders.  In  this  particular  example  an  intercooler  was 
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used  between  the  two  stages,  and  the  difference  between  the  volume 
QS  and  the  volume  B'F',  measured  on  the  average  intercooler  pressure 
line,  can  be  taken  to  represent  the  shrinkage  of  volume  as  the  air  passes 
through  the  intercooler,  but  only  on  the  assumption  that  the  leakage  of 
air  at  the  valves  and  pistons  is  negligible.  Under  this  assumption  it 

,    B'F'      absolute  temperature  at  F' 

follows  that  the  ratio  7^  =  -r— •  r-5 '     Tne  absolute 

QS       absolute  temperature  at  S 

temperature  at  S  would  be  approximately  that  of  the  delivery  from  the 
L.P.  cylinder,  and  at  F'  the  absolute  temperature  of  the  H.P.  suction. 


6  K  H  M 

FIG.  1 68. — Compounded  diagrams  for  a  two-stage  air  compressor. 

The  line  Ci  has  been  drawn  on  the  diagram  as  an  isothermal,  starting 
from  the  point  C,  that  is,  PV  =  constant,  where  P  and  V  represent 
absolute  pressure  and  volume.  Similarly,  the  line  Ca  represents  adia- 
batic  compression,  or,  PV1'4  =  constant.  A  comparison  shows  that  the 
low-pressure  compression  line  lies  between  the  isothermal  line  Ci  and 
the  adiabatic  line  Ca.  It  would  perhaps  be  more  correct  to  move  the 
high-pressure  diagram  bodily  to  the  dotted  position  so  that  B'  and  Q 
coincide,  and  then  it  would  be  possible  to  study  the  influence  of  the 
intercooler  by  a  comparison  of  the  points  //,  s,  ky  and  m. 

At  first  sight  it  would  appear  that  the  nearer  the  actual  compression 
line  CS  approached  the  isothermal  line  Ci  the  greater  would  be  the 
efficiency  of  the  compressor,  but  this  would  be  the  case  only  when  air 
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leakage  past  valves  and  piston  could  be  neglected.  For  example,  it  is 
evident  that  if  the  suction  valves  were  leaky  during  the  compression 
period,  this  would  have  a  tendency  to  bring  CS  closer  to  the  isothermal 
C/.  Therefore  the  mere  fact  of  an  actual  compression  line  nearly 
coinciding  with  the  isothermal  line  cannot  of  itself  be  taken  to  signify 
an  efficient  compressor.  At  the  same  time  the  near  approach  of  the 
compression  line  CS  to  the  adiabatic  Ca  signifies  leaky  delivery  valves 
or  inefficient  cooling  during  compression. 

Law  of  Compression. — Under  normal  conditions  of  working  it  is 
found  that  the  law  of  compression  is  expressed  by  PVW  =  constant, 
where  P  is  the  absolute  pressure,  V  the  absolute  volume ;  and  for  air 
the  index  n  has  a  value  somewhere  between  unity  and  1*405.  The 
best  method  to  find  the  law  of  compression  is  to  tabulate  a  series  of 
absolute  pressures  and  volumes  taken  from  the  compression  line,  and 
to  plot  the  common  logarithms  of  these  on  graph  paper.  If  the  law 
PV"  =  C  holds,  it  would  be  found  that  the  plotted  logarithms  lie  on  or 

close  to  a  mean  straight  line 
similar  to  that  shown  in  Fig. 
169,  and  that  the  slope  of  the 
line  gives  the  index  n.  For  if 
PV"  =  C,  then- 
log  P  +  « log  V  =  log  C  =  C 

This  equation  represents  a 
straight  line  of  slope  n,  and  in 
order  to  obtain  the  correct 
slope  of  the  line  not  less  than 
seven  or  eight  points  should 
be  plotted. 

Theabove-describedmethod 
requires  a  knowledge  of  the 
clearance  volume  in  order  to 
find  the  absolute  volume  at  any 
point  on  the  compression  line, 
but  such  clearance  volumes  are 
not  easy  to  obtain  accurately, 
and  are  usually  calculated  either 
from  the  drawings  or  by  mea- 
surements of  the  piston  position 
at  the  end  of  the  stroke.  To  attempt  to  measure  the  clearance  volume 
by  measuring  the  quantity  of  water  which  is  required  to  fill  the  clearance 
is  not  usually  satisfactory,  because  the  suction  and  delivery  valves  cannot 
be  depended  upon  to  be  quite  tight  against  water,  and  in  any  case,  if 
the  delivery  valves  are  of  the  automatic  balanced  type,  they  may  have 
to  be  pressed  on  to  the  seats  to  prevent  the  water  pressure  from  open- 
ing them. 

A  constructional  method  has  been  suggested  to  find  the  clearance 
volume  of  an  air-compressor  cylinder  from  the  indicator  diagram,  which 
is  based  upon  the  following  demonstration,  but  the  method  is  only 
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FiG.   169. — Graph  to  determine  index  n  in 
PVW  =  constant. 
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applicable  when  air  leakage  is  so  small  that  it  can  be  neglected.  Let 
A,,  A2,  A;,  (Fig.  170)  represent  the  compression  curve,  where  OV  is  the 
absolute  zero  of  pressure  and  OP  the 
absolute  zero  of  volume.  From  O 
draw  the  line  OC2  at  any  convenient 
angle  a  to  OP.  Starting  from  any 
point  A!  on  the  curve,  draw  A^  and 
A^E!  parallel  to  OV  and  OP  re- 
spectively. Draw  DiC2  at  45°  to  OP, 
cutting  OC:,C2  in  C2,  and  then  draw 
C2D2A2  parallel  to  OV,  cutting  the 

curve    at    A2.      Now   draw    A2M2E2    FlG.  I70._Graphicalmethod  of  find- 
parallel  to  OP,  and  make  the  angle         ing  index  n  £  PV«  =  constant. 
OM2E!  45°  to  OV;   then   join    OEl 

making  an  angle  j3  with  OV.     Now,  if  PVn  =  C  is  the  law  for  the 
curve  AAA$,  etc.,  then — 

MA  X  OMj71  =  C  =  M2A2  x  OM2n 

or,  since  MA  =  OD2  +  V&i      and  OM,  =  OMX  +  MjM2 
(OD2  -f  DgDj)  x  OMin  =  OD2  X  (OMi  -f  MxM2)n 
But  D2DX  =  D2C2      and  M1M2  =  M1E1 

/.  i  +  n 


OD2 


QM, 


=    i  + 


Now, 

thus  i  +  tan  a  =  (i  4-  tan  f$)n 

The  previous  construction  could  be  continued,  and  a  series  of 
points  EU  E2,  E3,  etc.,  would  be  found  to  lie  on  the  line  OE15  provided 
that  the  same  law  of  compression  continued  to  hold. 

Referring  now  to  Fig.  171,  where  it  is  assumed  that  the  clearance 
volume  is  not  known  and  that 
the  position  of  OP  has  yet  to 
be  determined,  erect  any  line 
QY  at  right  angles  to  OV, 
and  select  any  convenient 
point  A!  on  the  compression 
curve.  Draw  AjDj,  and  follow 
the  construction  as  previously 
described  to  obtain  the  points 
E1}  E2,  E3,  etc. ;  then,  if  a 
mean  straight  line  can  be 
placed  through  the  points  Elt 
E2,  E3,  etc.,  it  would  cut  QV 
at  the  point  O,  and  the  line 
OP  must  then  represent  the 
line  of  zero  volumes.  Any 
number  of  points  could  be 


FIG.  171. — Graphical  method  of  finding  clear- 
ance volume  of  air  compressor  cylinder 
assuming  no  leakage  takes  place. 


obtained  by  selecting  other  starting  points,  such  as  A/,  and  proceeding 
in  the  same  manner  to  obtain  a  new  series  of  points. 
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Two  assumptions  have  been  made  which  may  or  may  not  be  justi- 
fied according  to  circumstances,  viz.  that  the  index  n  of  the  law 
PVn  =  C  remains  constant  throughout  the  whole  of  the  compression 
curve,  and  that  the  leakage  of  air  during  the  compression  has  been 
negligible.  If  the  points  Ea,  E2,  E3,  etc.,  do  not  seem  to  lie  on  one 
straight  line,  or  if  the  line  OP  comes  absurdly  near  to  or  far  away  from 
the  end  of  the  indicator  diagram,  leakage  of  air  during  compression 
could  be  inferred,  and  the  method  would  then  be  useless  for  estimating 
the  clearance  volume. 

The  above  method  is  not  applicable  to  the  determination  of  clear- 
ance volumes  of  steam  engine  or  vapour  compressor  cylinders,  though 
if  the  clearance  volume  is  known  the  method  may  be  used  to  determine 
the  index  of  expansion  or  compression  n  from  the  indicator  diagram. 

Measurement  of  Air  Delivery. — The  cylinder  dimensions  of  a 
reciprocating  air  compressor  depend  upon  the  volume  of  **  free  air  " 
which  has  to  be  compressed  and  delivered,  the  term  "  free  air  "  refer- 
ring to  air  at  ordinary  atmospheric  pressure  and  temperature ;  and  in 
important  installations,  makers  are  usually  required  to  give  guarantees. 
On  p.  324  it  was  shown  that  the  distance  BF  on  the  diagram,  Fig.  166, 
apparently  represented  to  some  scale  the  volume  of  air  taken  in  per 
suction  stroke  at  atmospheric  pressure ;  but  as  there  may  be  leakage 
at  the  delivery  and  suction  valves,  and  as  the  air  may  be  slightly  heated 
during  suction  due  to  contact  with  the  hotter  walls  of  the  valve  chamber 
and  cylinder,  the  actual  volume  of  air  delivered  is  always  less  than 
that  represented  by  the  distance  BF  on  an  accurate  indicator  diagram 
when  reduced  to  atmospheric  temperature  and  pressure. 

One  of  the  most  accurate  methods  of  measuring  the  amount  of  air 
delivered  by  a  compressor  of  moderate  dimensions  is  represented  in 
the  outline  sketch  arrangement  shown  in  Fig.  172.  Two  measuring 
receivers  or  cylinders,  R!  and  R2,  each  having  a  capacity  of  5  or  6 
minutes'  maximum  air  supply,  are  connected  to  the  air  delivery 
main  M  through  the  plug  cocks  d  and  C2.  Both  receivers  are 
provided  with  outlet  blow-off  cocks  Oi  or  O2,  a  gauge,  deep  ther- 
mometer pockets  T!  or  T2,  a  safety  valve,  and  a  small  drain  cock 
at  the  lowest  point.  This  measuring  arrangement  is  manipulated  in 
the  following  manner.  The  air  from  the  high-pressure  cylinder  of 
the  compressor  passes  into  the  small  receiver  R,  which  is  introduced 
to  prevent  excessive  fluctuations  of  pressure  in  the  delivery  pipe  during 
the  process  of  measurement.  Suppose  that  the  air  is  passing  along  the 
main  pipe  M  with  the  cock  C  open  and  with  all  the  receiver  cocks 
closed,  and  that  the  compressor  has  been  working  for  some  time  under 
the  required  conditions  so  that  all  the  readings  are  practically  steady. 
The  pressure  and  temperature  in  the  receivers  Rx  and  R2  would  be 
atmospheric,  and  suppose  Ra  was  to  be  used  for  the  first  measurement. 
At  a  pre-arranged  signal  the  cock  C  would  be  closed,  and  at  the  same 
time  Q  would  be  gradually  opened  so  as  to  maintain  the  desired  pressure 
in  the  small  receiver  R ;  after  a  little  practice  the  operator  would  not 
have  much  difficulty  in  regulating  the  pressure.  As  soon  as  the  cock  Q 
became  full  open,  that  is,  the  pressure  in  Rj  equal  to  the  delivery-pipe 
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pressure,  the  cock  Ci  would  be  immediately  closed  and  C2  opened 
gradually.  The  average  air  temperature  and  pressure  in  Rj  would  then 
be  read  as  rapidly  as  possible  and  the  air  then  liberated  at  the  cock  Oj. 
Just  before  Q  is  again  opened  Ot  would  be  closed,  and  the  pressure 
(probably  atmospheric)  and  temperatures  noted.  When  the  air  in  the 
receiver  R2  attains  the  delivery-pipe  pressure,  C2  would  be  closed  and 
G!  again  opened  gradually;  the  average  temperature  and  pressure  in 
R2  would  be  immediately  recorded,  and  the  air  then  liberated  at  the 
cock  O2  ready  for  the  next  filling.  Even  better  results  might  be 
obtained  if  an  intercooler  were  introduced  in  the  pipe  connections 
between  the  high-pressure  cylinder  and  the  receivers  Rlt  R2. 

All  the  various  cocks  should  be  tested  for  leakage  before  the  start 
of  a  test,  and  if  any  such  leakage  occurs  it  should  be  stopped.     The 


FIG.  172. — Arrangement  of  receivers  for  direct  measurement  of  air 
discharge  from  a  compressor. 

rush  of  air  through  the  outlet  cocks  Ol  and  O2  is  usually  very  noisy, 
and  under  some  circumstances  may  occasion  a  nuisance;  this  may 
be  somewhat  mitigated  by  fixing  an  orifice  or  nozzle  on  the  cock 
outlet. 

One  operator  would  probably  be  required  to  manipulate  the  various 
cocks  and  another  to  take  the  observations  of  temperature  and  pressure. 
It  is  possible  to  use  only  one  receiver  instead  of  the  two,  but  then  the 
measurements  have  to  be  made  intermittently,  the  air  being  allowed  to 
pass  through  the  delivery  main  M  while  the  single  receiver  is  emptying. 
Under  skilful  operation  this  intermittent  method  can  be  made  to  give 
fairly  accurate  results. 

The  receiver  volumes  could  be  calculated  from  the  measurements 
of  the  internal  dimensions.  The  volume,  temperature,  and  absolute 
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pressure  of  air  in  a  cylinder  being  known,  the  corresponding  air  weight 
can  be  calculated  by  the  method  given  on  p.  10,  and  the  corresponding 
volume  at  atmospheric  pressure  and  temperature  is  then  easily  obtained, 
allowing  always  for  the  initial  contents  of  the  measuring  cylinders.  If 
the  dew-point  of  the  air  is  measured  as  it  enters  the  compressor,  the 
weight  of  vapour  contained  in  the  air  could  be  calculated  as  shown  on 
p.  268  in  connection  with  the  air  supply  to  internal  combustion  engines, 
but  such  an  elaborate  calculation  is  hardly  necessary  for  ordinary 
purposes. 

The   following   headings   are   suggested   as   being   convenient   for 
recording  the  observations  made  on  the  measuring  receivers  : — 


Name  of  observer ~ 


Date  of  test- 


Bar  ometric  pressure 
Volume  receiver  i  _______ 

Volume  receiver  2 . 


No.  of 
test. 

Time. 

Receiver  i. 

Receiver  2. 

Volumes  of  air. 

Tern 
i. 

perat 

2. 

ures. 
3. 

Gauge 
pressure, 
Ibs.  per 
sq.  in. 

Tern 
i. 

jerat 

2. 

ures. 
3- 

Gauge 
pressure, 
Ibs.  per 
sq.  in. 

Reduced  to  atmospheric 
temperature  and  pressure. 

Total 
volume 
from 
start  of 
test. 

Initial 
volume. 

Final 
volume. 

Difference 
=  volume 
put  in 
receiver. 

An  approximate  estimate  of  the  weight  of  air  discharged  from  any 
cylinder  of  an  air  compressor  can  be  obtained  where  an  intercooler  is 
in  use,  or  where  a  special  cooler  is  introduced,  provided  that  the  cooler 
is  well  covered  with  a  non-conductor  for  the  purpose  of  the  test  so  as 
to  minimize  the  external  heat  radiation.  The  heat  lost  by  the  air  in 
the  cooler  would  therefore  be  nearly  the  same  as  that  taken  up  by  the 
cooling  water.  The  air  and  cooling  water  temperatures  should  be 
measured  close  to  the  intercooler  by  means  of  calibrated  thermometers 
which  should  be  inserted  into  deep  pockets  so  as  to  lie  well  into  the 
flow  of  the  air  or  water.  The  cooling  water  could  be  measured  in 
calibrated  vessels  or  in  weighing  tanks,  whilst  the  small  amount  of 
water  vapour  sometimes  condensed  from  the  air  could  be  measured  by 
periodically  draining  the  water  into  a  small  calibrated  vessel,  taking 
care  that  no  appreciable  amount  of  air  is  liberated  at  the  drain  cock. 
The  cooler  should  be  tested  for  leakage  of  cooling  water  to  the  air  side 
of  the  cooling  surface. 
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Let  W  =  weight  of  cooling  water  through  cooler,  Ibs.  per  minute. 
M  =         „         air  passing  „  „         „  „ 

/!  =  inlet  temperature  of  water,  °  F. 
/>  =  outlet  ,,  „         „ 

T!  =  inlet  „  air         „ 

T2  =  outlet  „  „          „ 

s  =  specific  heat  of  air  at  constant  pressure  =  0-24  (contained 

water  vapour  neglected). 

w  =  weight  of  vapour  condensed  from  air,  Ibs.  per  minute. 
//  =  heat  given  up  per  pound  vapour  in  condensing,  B.Th.U. 
Then,  neglecting  radiation  losses — 

A  -A)  =  MJ(T!  -  T2)  +  wh 


The  volume  of  this  air  at  atmospheric  temperature  and  pressure 

PV 

can  be  obtained,  as  previously  described,  from —  =  C  (see  p.  10).     It 

should  be  noted  that  this  method  does  not  interfere  with  the  supply  of 
air  for  working  purposes. 

The  orifice  methods  described  on  pp.  343-345,  though  probably 
not  so  accurate  as  the  more  direct  methods  just  described,  could  also 
be  used  for  measuring  the  compressor  air  discharge  by  connecting  the 
orifice  pipe  or  box  C,  Fig.  180,  to  the  small  receiver  R  of  Fig.  172, 
and  if  necessary  placing  an  easily  adjusted  throttle  valve  between  the 
two  so  that  the  pressure  in  the  box  C  should  not  exceed  5  or  6  inches  of 
water  column.  The  formulae  for  the  calculation  of  air  discharge  are 
given  on  pp.  343  and  344. 

Actual  Volumetric  Efficiency. — 
Let   A  =  area  of  compressor  piston. 
L  =  length  of  stroke. 

N  =  number  of  suction  strokes  per  minute. 
W'  =  weight  of  air  discharge  per  minute. 
V  =  volume  of  air  per  unit  weight  at  atmospheric  pressure  and 
temperature. 

Then —          Volume  displaced  by  piston  per  minute  =  ALN 
Actual  volume  discharged,  referred  to)       w,y 
atmospheric  pressure  and  temperature/  ~ 

W'V 

Actual  volumetric  efficiency  =  T^T  f 

ALN 

Theoretical  Work  done  during  Compression  and  Delivery  of  Air. — 
Several  comparisons  are  possible  between  the  actual  work  done  by  a 
compressor  and  that  theoretically  required  under  assumed  conditions 
for  the  same  weight  of  air.  Knowing  the  weight  of  air  actually  delivered, 
then — 

Actual  work  donej  _         air  cylinder  I.H.P.  x  33,000 
per  Ib.  air          /  ~~  weight  of  air  delivered,  Ibs.  per  min. 
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The  theoretical  work  required  per  Ib.  of  air  depends  upon  the  con- 
ditions which  are  assumed,  that  is,  whether  the  compression  is  assumed 
to  be  isothermal  or  adiabatic,  or  somewhere  between  these  ;  and  if  the 
compression  is  not  assumed  to  be  isothermal,  the  theoretical  work  also 

depends  upon  whether  perfect  intercoolers 

2  '5  2  are  supposed  to  be  used  between  the  com- 

pression stages.  Referring  to  Fig.  173, 
let  si  represent  the  atmospheric  suction 
pressure,  and  2d  the  delivery  pressure. 
Let  the  area  i2dsi  represent  the  theo- 
retical work  done  per  Ib.  of  air  when  the 
compression  line  i  2  follows  the  law 
PVn  =  constant  ;  and  suppose  the  area 
i  ddsi  represents  the  work  done  per  Ib. 
of  air  with  isothermal  compression.  If 
the  compressor  has  two  stages,  assume 
FIG.  173.—  Theoretical  air  com-  that  the  air  .is  discharged  from  the  low- 
pressor  diagrams.  pressure  cylinder  into  an  intercooler  at 

the  pressure  P3,  being  there  cooled  down 

again  to  the  original  atmospheric  temperature,  and  therefore  shrinking 
in  volume  from  3  to  4.  The  air  is  then  supposed  to  be  compressed 
along  the  line  4  5  in  the  high-pressure  cylinder  according  to  the  law 
PV"  =  constant. 

Signifying  absolute  pressures,  volumes,  and  temperatures  by  P,  V, 
and  T  respectively,  each  with  a  suffix  denoting  the  point  of  reference, 
and  considering  one  pound  of  air,  then  — 

Work   done   during   the\          ,      _,  ,r  .       P2  / 

isothermal  compression/  It02  =  P'V'  '^P,  <see  P-  I2> 
Work  done  during  delivery,  2'  to  d=  P2V2' 
,,  „          suction,  s  to  i  =  FiV^ 

p 

Net  work  done  by  compressor  =  P^  log,,-?  -f  P2V2'  -  PlVl 

*i 


.  (i) 

since  P2V2'  =  PxVr 
With  compression  along  i  2  acccording  to  PVn  =  constant  — 

P  V  —  P  V 
Work  done  during  compression  =  -  ..I  (see  p.  n) 


„  „        delivery          =  P2V2 

5,  „         suction  =  PjVj 


p  V    _  P  V 
Net  work  done  by  compressor  =  -  -  l    '  +  P2V2  -  P^ 


=  (P2V2  -  PiV,) 
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Two-stage  compression  with  PV"  =  constant  during  compression. 

nC*r      (  /P  \M—1         ) 
Net  work  done  in  L.P.  cylinder  =  ^^  •  }(jr)  "  -  i  (     •     •     ($) 

HP 

» 


It  can  be  shown  that,  if  the  index  n  is  the  same  in  both  expressions 
(3)  and  (4),  the  total  work  done  is  a  minimum  when  P4  =  P3  = 

P,  _      /5  -      /5 
and  thus  —  |T  ~~  \/  pj      \/  px 

P6  _      /?•  _      /Pi 

similarly,  P^  ~~  V  Fj  ~  V  Px 

also  T4  =  TJ 


Hence,      Total  work  done  =  -—  C  TI      r        -  1       •     .     •     (5  ) 

n  ~~  ~L         v  \t  j  /  3 

The  value  of  T!  would  be  the  actual  or  assumed  absolute  tempera- 
ture of  the  atmosphere  in  the  neighbourhood  of  the  compressor.  Con- 
sidering one  pound  air,  TJ  would  be  the  absolute  temperature  °  F.  ;  the 
value  of  C  would  be  53*18  ;  P2  and  Pj  would  be  the  absolute  delivery 
and  atmospheric  pressures  respectively  in  Ibs.  per  square  foot;  and 
the  work  done  would  then  be  expressed  in  foot-pounds  per  pound  of 
air.  For  adiabatic  compression  n  =  1*4,  and  is  applicable  when  the 
cylinders  are  not  water  jacketed  or  otherwise  cooled.  For  water- 
jacketed  cylinders  the  actual  value  of  n  usually  comes  between  1*25 
and  i  '3. 
Air  compression^  _  Work  theoretically  required  per  unit  mass  of  air 

efficiency         /  Work  actually  done  per  unit  mass  of  air 

Similar  comparisons  to  those  just  considered  can  be  made  for  air 
motors  running  at  any  particular  speed,  provided  that  indicator  diagrams 
are  available  and  the  amount  of  air  used  is  known.  By  neglecting  air 
leakage,  an  approximate  estimate  of  the  air  consumption  might  be 
obtained  on  considering  the  volume,  pressure,  and  temperature  of  the 
air  apparently  present  in  the  motor  cylinder  at  cut-off  and  noting  the 
number  of  power  strokes.  When,  however,  the  air  is  heated  before 
being  supplied  to  the  motor,  an  estimate  of  the  actual  air  consumption 
might  be  made  by  introducing  a  simple,  well-covered  water  cooler 
between  the  heater  and  the  motor,  and  using  it  in  the  manner  described 
on  p.  330.  In  this  case  the  cooler  would  require  to  withstand  the  air 
pressure  and  should  be  arranged  so  that  no  excessive  cooling  of  the  air 
took  place.  If  the  air  were  supplied  to  the  motor  at  ordinary  atmo- 
spheric temperature  and  a  supply  of  steam  happened  to  be  available,  it 
is  possible  to  arrange  a  coil  steam  heater  which  would  allow  the 
heat  from  condensing  steam  to  pass  to  the  air.  By  measuring  the 
inlet  and  outlet  steam  and  air  temperatures  and  the  weight  of  steam 
condensed,  the  weight  of  air  passing  through  the  heater  could  be  calcu- 
lated. This  method,  however,  is  not  usually  satisfactory  unless  very 
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carefully  arranged  and  the  quality  of  the  steam  supply  is  exactly 
known. 

The  amount  of  air  exhausted  from  an  air  motor  can  be  measured 
approximately  by  the  orifice  method  described  on  p.  344  in  connec- 
tion with  the  air  discharge  of  fans.  In  this  method  the  exhaust  pipe 
would  be  connected  up  to  a  small  receiver  to  which  a  sharp-edged 
orifice  or  a  convergent  mouthpiece  outlet  is  fixed.  The  air  pressure  in 
the  receiver  could  be  obtained  by  using  a  water  gauge  or  manometer, 
and  the  exhaust  air  temperature  would  be  measured  in  the  receiver,  but 
as  the  temperature  is  generally  below  that  of  the  atmosphere,  the 
thermometer  should  not  be  too  far  from  the  orifice.  The  air,  of  course, 
would  be  allowed  to  flow  from  the  orifice  into  the  atmosphere. 

Test  made  on  a  Horizontal  Two-stage  Steam-driven  Air  Compressor 
at  the  Glasgow  and  West  of  Scotland  Technical  College. — The  outline 
sketch  in  Fig.  174  illustrates  the  arrangement  of  the  compressor,  from 
which  it  will  be  seen  that  the  steam  and  air  pistons  are  connected  to 
the  same  rod.  The  front  end  of  the  air  cylinder  deals  with  the  first 


FIG.  174. — Arrangement  of  air  compressor. 

stage  compression  and  the  annular  space  at  the  back  end  with  the  high- 
pressure  stage,  an  intercooler  being  arranged  between  the  two  stages. 

Diameter  of  H.P.  air  piston  =  (18  —  14^)  ins.,  net  area  =  95  sq.  ins. 
„  L.P.         „         =  1 8  ins.,  net  area  =  250-5  sq.  ins. 

„  steam  piston     =  10^  ins.,  net  mean  area  =  81*7  sq.  ins. 

Stroke  =  n  ins. 


No  measurements  were  made  during  the  test  to  determine  the 
actual  weight  of  air  discharged,  and  for  the  sake  of  illustration  it  has 
been  assumed  that  the  intercooler  could  be  used  for  this  purpose  if 
efficiently  covered.  The  amount  of  heat  given  to  the  intercooler  water 
has  therefore  been  assumed  in  the  following  calculations  : — 


RESULTS  OF  TEST. 

1.  Duration  of  test,  minutes 30 

2.  Air  temperature,  L.P.  suction,  °  F 70*0   " 

3.  ,            „          L.P.  delivery,  °  F.    . 240-2 

4.  ,            „          H.P.  suction,  °  F 79-1 

5.  ,            „          H.P.  delivery,  °  F 240-8 

6.  ,  in  room  (dry  bulb),  °  F Not  taken 

7-         ,             „               »         (wet  bulb),  °F „ 

8.  Glaisher's  factor „ 

9.  Percentage  moisture  in  air,  by  weight „ 
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10.  Jacket  water  temperature,  inlet,  °  F  ...........  43-0 

11.  „  n  outlet  »     ..........  9i*4 

12.  Intercooler  water  temperature,  inlet,  °  F  .........  43-0 

13-  „  »  »  outlet   n       ........  78-0 

fins,  mercury      ..........  30-38 

14.  Barometric  pressure  (lbs<persq>*n  ........... 


15.  Intercooler  air  pressure         ' 

I6.H.P.  air  delivery  pressure  {*•-  P«  •*  *• 

17.  Weight  of  jacket  water  in  test,  Ibs.1    ....    ......  220 

1  8.  „                „             per  minute,  Ibs.1  .........  7-3 

19.  „        intercooler  water  in  test,  Ibs.1  .........  420 

20.  „  „             „         per  minute,  Ibs.1  .......  14*0 

21.  Specific  heat  of  air  at  constant  pressure  (assumed)  .....        0-24 

22.  Vapour  condensed  from  air  in  intercooler   ........        o 

23.  Weight    of    air    and    vapour    passing    through    intercooler, 

Ibs.  per  minute  =  v--4  X  (?8  "  43>        ........       12-65 

(240-2  —  79-  1)  x  0-24 

24.  Volume  of  this  air  at  atmospheric  pressure,  cub.  ft.  (neglecting 

the  small  amount  of  water  vapour)  =  12  65  x  53'?  x  (70+461)     l6/.0 

14-9  x  144 

25.  Actual  volumetric  efficiency  of  L.P.  cylinder  =  —  *  7  X  *72  0-813 

250-5  x  ii  x  129 

26.  Apparent  volumetric  efficiency  of  L.P.  cylinder  from  cards 

_  length  cut  off  by  diagram  on  atmospheric  line 
total  length  of  diagram 

27.  Revolutions  in  test     ................  3866 

28.  „  per  minute  ...............     129 

29.  Piston  speed,  feet  per  minute      ............     236 

30.  M.E.P.  L.P.  air  cylinder,  Ibs.  per  sq.  in  .........       187 

31-        ,,       H.P.  „  „  ........      45-8 

32.  Air  I.H.P.  in  L.P.  air  cylinder  =  ^S  x  187  x  n  x  129        <       ^ 

12  x  33,000 

=  g5X£x33^129-    '    '       I5'6 

34.  Total  air  I.H.P  ..................      32-4 

_,     .    A.I.H.P.  in  L.P.  cylinder 

35.  Ratio  -T—T  ,  ,  ...  .  —  .     .    .  ro8 

A.I.H.P.  in  H.P.  cylinder 

(crank  end   .....      66-3 

36.  M.E.P.  steam  cylinder,  Ibs.  per  sq.  in.  <  cover  end    .....      63-8 

(mean  .......      65*0 

(crank  end  ..............       19-1 

37.  Steam  I.H.P.  j  cover  end  ..............       18-8 

Itotal  ................       37-9 

,,,,..    ^  .  total  A.I.H.P. 

38.  Mechanical  efficiency  =          -----    .........        0-855 


39.  Heat  equivalent  to  work  done  on  air\     32*4  X  33,000  „  „,,  TT 

permin.  /=  7?8 

40.  Heat  given  to  jacket  water  per  min.  =  7-3  x  (91-4  —  43)  B.Th.U.     353 

41.  Heat  to  intercooler  water  per  min.  =  14  x  (78  —  43)  B.Th.U.  .    490 

1  The  weight  of  jacket  water  and  intercooler  water  are  assumed  values,  and  the 
intercooler  is  assumed  to  be  well  covered  with  a  non-conductor  covering. 
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42.  Heat  carried  away  by  air  per  min.  =  12-65  (240-8  -  70-0)  x  0-24 

B.Th.U  ....................     510, 

43.  Heat  not  accounted  for  =1373  -  (353  +  49°  +  519)  B.Th.U.1     1  1 

44.  2  Theoretical  air  I.H.P.  with  isothermal  compression  of  same 


45.  2  Theoretical  air  I.H.P.,two  stage  adiabatic  compression  with  per- 

°'143 


46.  Theoretical  A.I.H.P.  with  perfect  compressor  (i.e.  isothermal 

P  V          P 
compression  and  volumetric  efficiency  unity)  =  —  -  -  logep^ 

_  14-9x144x250-5x11x129  120 

--       ^ 


28 

„„     .    theoretical  A.I.H.P.  (isothermal  compression) 

47.  'Ratio-  ^SnU.HTpr-  +    •    •    •    •        0723 

3       .    theoretical  A.I.H.P.  (adiabatic  two  stage) 

actual  A.I.H.P. 
.    theo.  A.I.H.P.  of  perfect  compressor  of  above  dimensions4 

1  This  value  represents  the  excess  of  heat  radiation  and  leakage  losses  over  and 
above  the  heat  equivalent  of  the  frictional  work  of  the  air  pistons. 

2  Lines  44,  45  depend  upon  the  value  which  has  been  assumed  for  the  weight  of 
intercooler  water. 

3  Air  compression  efficiency. 

4  It  should  be  noted  that  this  ratio  may  have  a  high  value  even  though  a  com- 
pressor may  be  very  inefficient,   by  reason  of  valve  or  piston  leakages  and  large 
clearances  having,  under  some  circumstances,  a  tendency  to  reduce  the  actual  air 
horse-power  as  compared  with  a  compressor  of  high  efficiency. 


CHAPTER    XV 

TESTING  OF  FANS  AND  BLOWERS 

FANS  and  blowers  are  used  either  for  the  purpose  of  forcing  air  or  other 
gases  into  a  system  of  pipes,  passages,  or  rooms,  or  for  exhausting 
gases  from  such  a  system.  The  first-mentioned  principle  is  in  general 
operation  in  the  ventilation  of  large  buildings,  where  air  is  drawn  from 
the  atmosphere  and  is  forced  by  the  fans  into  the  buildings  under 
a  slightly  increased  pressure.  An  example  of  the  latter-mentioned 
principle  is  that  largely  used  in  mines  or  similar  workings,  the  fan  being 
arranged  to  draw  the  foul  air  from  the  workings  and  discharge  it  into  the 
atmosphere. 

Ordinary  tests  made  on  fans  or  blowers  are  usually  concerned  with 
the  power  and  efficiency  under  working  conditions,  which  involve  the 
measurement  of  the  air  pressures  and  velocities,  and  of  the  power 
required  to  drive  the  fan.  When  dealing  with  a  gas  such  as  air,  the  most 
important  variable  conditions  under  which  a  fan  could  operate  may 
be  stated  as  follows:  (i)  Air  pressure  at  suction  and  delivery;  (2) 
the  speed  of  rotation ;  (3)  the  volume  and  velocity  of  air  discharged ; 
and  (4)  structural  alterations  to  the  fan  or  passages,  such  as,  for 
instance,  modifications  of  the  fan  blades,  guide  blades  (if  such  are 
used)  and  inlet  and  outlet  passages.  Experiments  l  have  shown  that 
the  following  laws  are  approximately  applicable  to  centrifugal  fans,  but 
the  first  three  only  hold  for  any  particular  fan  where  no  structural 
alterations  are  made  to  the  fan  or  to  the  external  air  passages. 

1.  The  volume  of  air  discharged  varies  directly  as  the  speed  of  the 

fan. 

2.  The  pressure  produced  varies  as  the  square  of  the  speed. 

3.  The  power  required  varies  as  the  cube  of  the  speed. 

4.  In  a  series  of  fans  of  the  same  type,  having  similar  dimensions, 

same  blade  or  vane  angles,  and  rotating  with  the  same  blade- 
tip  speeds  under  similar  conditions  as  regards  the  resistance  of 
the  external  air  passages,  the  power  required  and  the  weight 
of  air  discharged  vary  as  the  square  of  the  linear  dimensions. 
It  is  evident  that  when  the  air-resisting  path  is  constant,  the  first 
three  variable  conditions  mentioned  above  cannot  be  independent  of 
one  another,  and  that  it  requires  some  means  of  altering  the  external 
path  resistance  (4th  variable)  to  arrange  that  a  simultaneous  alteration 

1  Heenan  and  Gilbert   on  "Design   and  Testing  of    Centrifugal  Fans,"   Proc. 
Inst.  Civil  Eng.,  vol.  cxxiii.  p.  279. 

Z 
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of  the  speed  (2nd  variable)  shall  not  affect  more  than  one  of  the 
remaining  conditions.  In  an  experimental  plant  the  external  path 
resistance  can  be  easily  altered  by  the  introduction  of  suitable  baffles 
and  orifices  into  the  discharge  pipe  or  into  the  suction  pipe  at  a  con- 
venient distance  from  the  fan. 

The  delivery  and  suction  pressures  of  a  fan  are  usually  measured 
above  or  below  atmospheric  pressure  by  means  of  a  manometer  or 
water  column  such  as  is  described  on  p.  39,  Fig.  28.  The  suction 
pressure  of  a  fan  which  takes  air  from  the  atmosphere  would  be  that  of 
the  atmosphere  unless  long  suction  passages  intervened,  and  the 
delivery  pressure  would  be  measured  in  the  delivery  pipe  or  passage,  or 
in  the  vessel  or  room  into  which  the  air  was  discharged.  If  a  fan  were 
exhausting  air  from  a  passage  or  room  and  discharging  into  the  atmo- 
sphere, it  would  be  advisable  to  measure  the  suction  pressure  well  away 
from  the  fan  casing  inlet  ;  the  delivery  pressure  at  the  outlet  could 
be  taken  to  be  atmospheric,  unless  delivery  passages  intervened  between 
the  fan  casing  and  the  atmospheric  outlet. 

There  is  no  particular  difficulty  in  measuring  either  a  suction  or 
a  delivery  pressure  in  a  position  where  there  is  no  appreciable  current, 
but  special  precautions  are  necessary  when  it  is  desired  to  measure  the 
static  pressure  of  a  current  of  gas  or  air  which  is  passing  through  a  pipe 
or  passage.  In  the  latter  case,  the  connection  between  the  gauge  and 
the  pipe  or  passage  should  be  made  at  a  small  aperture,  say  \  or  f  in. 
bore,  and,  if  possible,  the  aperture  should  be  several  feet  from  any 
bend,  enlargement,  or  contraction  in  the  pipe,  whilst  the  gauge  connect- 
ing pipe  should  on  no  account  be  allowed  to  project  into  the  passage, 
unless  the  end  has  a  sharp-edged  circular  plate  fixed  on  it,  as  repre- 
sented in  Fig.  175,  and  placed  so  that  the  flat  face  of  the  plate  is 
parallel  to  the  current.  It  is  then  termed  an 
"exploring  side  gauge,"  since  it  is  possible  to 
adjust  the  gauge  to  any  distance  in  the  pipe  or 
passage.  Under  ordinary  conditions,  however, 
it  is  generally  found  that  the  static  pressure  is 
practically  constant  all  over  the  section  of  a 
or  Passage,  and  that  the  exploring  side 


\\v\V 


FIG.  175-Side  gauge  for  , 

measuring   static    pres-    gauge  1S  not  usually  necessary  to  determine  the 

sure  of  a  current  of  gas.    average  air  pressure,  it  being  sufficient  to  place 

the  gauge  connecting  pipe  not  further  into  the 

wall  of  the  passage  than  to  be  flush  with  the  inside  surface  of  the 
passage. 

Measurement  of  Air  or  Gas  Velocity  and  Volume  of  Discharge.— 
The  accurate  measurement  of  the  velocity  of  a  current  of  gas  or  air 
is  a  matter  of  some  difficulty.  The  anemometer  method  is  sometimes 
used  for  approximate  determinations,  though  it  is  not  sufficiently  reliable 
for  the  best  work.  The  anemometer  (Fig.  176)  consists  of  a  light 
vane  wheel  fixed  on  a  central  shaft  or  spindle,  at  the  other  end  of 
which  a  recording  counter  is  connected,  and  a  stop  is  provided  for 
the  purpose  of  starting  and  stopping  the  vane  wheel.  The  operation 
of  measuring  the  velocity  of  a  current  of  air  is  as  follows  :  The 
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76. — Biram's  anemo- 
meter, used  to  measure 
velocity  of  air  currents. 


instrument  is  placed  in  position  with  the  vane  wheel  or  fan  facing 

the  current,  and  at  some  particular  lime  the  stop  is  released,  the  counter 

having  been  previously  read  and  recorded.     The  current  of  air  rotates 

the  fan  or  vane  wheel,  and  at  some  time,  say  one  or  two  minutes  after 

starting,  the  stop  is  again  brought  into  action 

and    the   wheel   is   instantly   stopped.     The 

difference  between  the  starting  and  stopping 

readings  of  the  counter  gives  the  rotations  of 

the  wheel  in  the  measured  time,  and  a  pre- 

viously obtained  calibration  graph  curve  is 

then  referred  to  which  gives  the  air  velocity 

corresponding   to  the  revolutions.     An  arm 

or  rod  can  be  attached  to  the  instrument  to 

enable  the  operator  to  hold  it  in  any  position 

in  the  section  of  the  passage  without  having 

to  stand  in  the  passage.     To  determine  the 

average  velocity,  it  is  generally  convenient  to  FlG- 

divide  the  area  of  a  large  passage  into  equal 

parts  by  means  of  string  or  fine  wire  (the 

number  of  areas  depending  upon  the  degree  of  accuracy  required),  and 

to  place  the  anemometer  at  the  centre  of  each  of  these  elementary 

areas  in  definite  order,  the  readings  being  taken  as  quickly  as  possible. 

It  is  usually  found  that  the  maximum  velocity  occurs  near  to  the  centre 

of  the  pipe  or  passage  and  the  lowest  velocities  near  to  the  sides. 

Anemometers  are  usually  calibrated  by  suitably  mounting  the 
instrument  on  the  end  of  a  rotating  arm  so  that  the  distance  moved 
through  by  the  centre  of  the  instrument  per  unit  of  time  represents  the 
velocity  through  the  air.  By  comparing  the  counter  readings  to  the 
distance  moved  through,  the  relation  between  these  is  obtained,  such 
observations  being  made  at  different  velocities.  But  it  has  been  found 
that  ordinary  anemometers  which  have  been  thus  calibrated  are  liable 
to  record  velocities  greater  than  the  true  values  ;  l  therefore  anemometer 
readings  should  only  be  accepted  with  due  caution. 

The  Pitot  tube  method  of  measuring  gas  velocities  can  be  made  to 
give  fairly  accurate  results  if  well  constructed  and  carefully  manipulated. 
A  diagrammatic  sketch  of  the  arrangement  is  given 
in  Fig.  177.  The  Pitot  tube  A  is  sometimes 
termed  a  "  facing  gauge,"  and  consists  of  a  brass 
tube  about  J  in.  bore,  with  the  open  mouth  sharp- 
edged  and  facing  the  stream.  The  momentum 
of  the  moving  air  creates  a  pressure  at  the  open 
end  of  the  tube  in  excess  of  the  static  pressure, 
and  this  excess  can  be  measured  by  connecting 


the  facing  gauge  and  the  ordinary  side  gauge  B  FlG>  1J  7pj^ 

to  the  opposite  legs  of  a  U-tube  or  manometer 

containing  a  suitable  liquid  —  that   is,  water  for   ordinary  conditions. 

1  Experiments  made  by  the  Prussian  Mining  Commission  in  1884,  on  the 
"  Measurement  of  Air  in  a  Pipe  by  Different  Methods,"  Bryan  Donkin,  Proc.  Inst. 
Civil  Eng.,  vol.  cxxii.  p.  281. 
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Thus  the  difference  of  level  in  the  two  legs  indicates  the  pressure  on 
the  open  end  of  the  facing  gauge  A  due  to  the  change  of  the  momentum 
of  the  impinging  current  of  gas.  The  side  gauge,  which  was  described 
in  Fig.  175,  p.  338,  was  first  introduced  by  Professor  Unwin,  and  is  some- 
times used  in  conjunction  with  the  facing  gauge  A.  The  micro- 
manometer,  designed  by  Mr.  Threlfall  (see  Fig.  29,  p.  40),  is  suitable 
for  the  measurement  of  very  small  pressure  differences. 

Fig.  lyS1  shows  the  type  of  facing  gauge  and  side  gauge  used  at 
the  National  Physical  Laboratory.  The  facing  gauge  A  is  ground  to  a 
fine  edge  at  the  mouth,  whilst  the  side  gauge  B  for  measuring  the  static 


Holes 
Q   02" 


FIG.  178.  —  Pitot  tubes  used  at  National  Physical  Laboratory,  full  size. 

• 

pressure  is  drawn  out  to  a  fine  point,  and  the  connection  made  through 
a  series  of  small  holes  bored  in  the  tube,  as  indicated  in  the  illustration. 
Air  Velocity  and  Air  Discharge.  — 

Let  v  =  velocity  of  air,  feet  per  second. 
p  =  density  of  air,  Ibs.  per  cubic  foot. 
P.  =  pressure  due  to  velocity  head,  Ibs.  per  square  foot. 

Then,  according  to  theory  — 


-  per  sq. 


ft. 


or, 


-  ft.  per  sec. 


(I) 


1  Proc.  Inst.  of  Mech.  Eng.,  1904,  part  I.  p.  298. 
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Experiments  show  that  in  practice,  the  ordinary  sharp-edged  Pitot 
tube  facing  gauge  used  in  combination  with  the  side  gauges  (Fig.  175 
or  Fig.  178)  gives  results  in  fairly  close  agreement  with  the  above 
formula.1 

If  iv  =  inches  of  water  column  corresponding  to  pressure  Pv  Ibs.  per 
square  foot  (see  gauge  AB,  Fig.  177),  the  above  expression  reduces  to — 

2  ft.  per  sec (2) 

The  density  of  the   air  is   easily  calculated,  given   the   temperature, 
absolute  pressure,  and  the  moisture  contents  (see  p.  268). 

To  determine  the  volume  of  air  or  gas  flowing  along  a  pipe  or 
passage,  it  is  necessary  to  find  the  mean  velocity.  A  large  circular  pipe 
could  be  divided  into,  say,  ten  to  fifteen  imaginary 
annular  rings  or  shells,  preferably  of  equal  areas, 
and  the  Pitot  tubes  could  then  be  placed  along  a 
diameter  line  and  at  the  middle  of  any  of  these 
elementary  annular  areas,  as  indicated  by  the  dots 
in  Fig.  179.  Then  the  mean  velocity  multiplied  by 
the  whole  sectional  area  would  be  nearly  equal 
to  the  sum  of  all  the  products  obtained  when 
each  elementary  area  is  multiplied  by  its  respective  FIG.  179.  — Suitable 
velocity,  and  is  equal  to  the  volume  of  gas  flowing  positions  for  Pitot 
through  the  pipe. 

Thus,  if  A  =  total  area  of  pipe ;  V  =  volume 
of  gas-flow;  alt  a2,  #3,  .  .  .  an  represent  the  various  annular  areas 
into  which  the  pipe  section  is  divided ;  and  vlt  v&  z/3l  .  .  .  vnt  are  the 
respective  velocities ;  then — 

zv*i  +  v?fa  4-  .••  4-  vnan  =  V  =  z>wA     ...     (3) 

where  vm  is  the  mean  velocity  over  the  section. 

A  square  or  rectangular  section  might  require  several  facing  gauges 
so  that  the  area  of  the  section  could  be  divided  up  into  a  series  of 
elementary  squares  or  rectangles,  the  facing  gauges  being  easily  adjust- 
able to  the  centre  point  of  each  elementary  area.  The  total  volume 
and  the  mean  velocity  would  be  calculated  in  much  the  same  manner 
as  for  the  circular  pipe. 

In  the  paper  referred  to  below,  Mr.  Threlfall  gives  the  following 
conclusions  from  his  experiments  on  gas-flow  through  circular  pipes 
varying  in  diameter  from  6  ins.  to  357  ins.  :  — 

i.  The  radius  of  the  circle  of  mean  velocity  is  about  0*775  °f  tne 
radius  of  the  pipe  through  which  gas  is  flowing,  in  the  case  of  pipes 
which  are  not  infinitely  long,  but  comparable  in  length  with  those  used 
in  gas-producer  plants. 

1  In  the  paper  quoted  below,  the  actual  velocity  was  found  to  be  0*97  of  that 
given  by  expression  (i),  but  Dr.  Glazebrook  stated  in  the  discussion  that  the  value 
1*03  was  obtained  aj:  the  National  Physical  Laboratory  with  the  instruments  shown 
in  Fig.  178.  Threlfall  on  "The  Motion  of  Gases  in  Pipes,  and  the  Use  of  Gauges 
to  determine  the  Delivery,"  Proc.  Inst.  of  Mech.  Eng.,  1904,  part  I.  p.  245. 
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2.  One  case  of  a  gas  main  1575  ins.  in  diameter  was  examined 
at  a  distance  of  about  10  yards  from  the  nearest  bend.     In  this  pipe 
the  radius  of  mean  velocity  was  certainly  about  0-9  of  the  radius  of 
the  pipe. 

3.  In  no  case  was  a  radius  of  mean  velocity  so  low  as  0*689  (Darcy's 
value  for  water-flow  through  pipes)  actually  found. 

4.  Whatever  the  distribution  of  velocity  observed  at  any  one  velocity 
may  be,  this  persists  unaltered  through  a  wide  range  of  velocity  con- 
cerning the  cases  which  occur  in  ordinary  practice.    The  highest  velocity 
examined  was  60  ft.  per  second,  and  the  lowest  for  which  accurate 
results  were  obtained  about  10  feet  per  second. 

5.  The  ratio  of  the  mean  to  the  maximum  velocity  is  unexpectedly 
constant   over   a   wide   range  of  velocity  and   very  varied   mode   of 
distribution.     The  average  value  is  about  0*873. 

6.  In  any  practical  case  where  accuracy  is  necessary,  a  calibration 
of  the  pipe  for  distribution  of  velocity  must  be  made,  and  it  is  immaterial 
where  the  Pitot  tube  is  afterwards  placed,  since  the  ratio  of  the  velocity 
at  any  position  to  the  mean  velocity  is  known  from  the  calibration. 
Since,  however,  the  velocity  is  in  general  greatest  at  the  centre,  it  is 
convenient  to  place  the  tube  mouthpiece  at  this  point. 

If  it  be  considered  sufficient  to  dispense  with  a  calibration,  then  the 
results  indicate  that  it  is  better  to  place  the  Pitot  mouthpiece  on  the 
circle  of  radius  0775  (radius  of  pipe),  and  to  take  that  position  as 
giving  the  mean  velocity,  rather  than  to  place  it  at  the  centre  and  to 
assume  a  ratio  of  mean  to  maximum  velocity  of  0*87 3. l 

In  the  British  Engine,  Boiler,  and  Electrical  Insurance  Co.,  Ltd., 
Chief  Engineer's  Report  for  1909,  Mr.  M.  Longridge  gives  particulars 
of  some  tests  made  on  a  turbo-blower  operated  by  a  Rateau  steam 
turbine.  Pitot  tubes  similar  to  those  shown  in  Fig.  178  were  used  to 
measure  the  air  velocities  in  the  wrought-iron  discharge  pipe  of  16  ins. 
diameter.  The  air  pressure  varied  with  different  tests  from  about 
2*5  to  about  14  Ibs.  per  square  inch  above  the  atmosphere.  The 
average  ratio  of  the  mean  to  the  maximum  velocity  for  mean  air 
velocities  ranging  from  87  to  218  feet  per  second  was  found  to  be 
0-955,  and  the  greatest  and  least  mean  values  differed  from  this  average 
value  by  less  than  2  per  cent.  The  radius  of  the  annular  film  of  mean 
velocity  was  more  variable,  its  greatest  and  least  values  differing  from 
the  average  0*72  by  as  much  as  4  per  cent.  These  experiments  would 
suggest,  then,  that  if  the  velocity  in  a  pipe  is  to  be  estimated  from  a 
single  observation,  it  is  better  to  place  the  open  mouth  of  the  facing 
gauge  at  the  centre  of  the  pipe,  and  to  multiply  the  velocity  at  this  point 
by  °'955  to  obtain  the  mean  velocity,  than  to  place  it  at  a  distance 
072  of  the  radius  from  the  axis,  and  to  take  the  velocity  at  this  radius 
as  the  mean.  Although  these  results  differ  somewhat  from  those  quoted 
above,  it  has  to  be  remembered  that  the  velocities  dealt  with  were 
much  higher  than  those  obtaining  in  Mr.  Threlfall's  experiments.  In 
any  case,  where  the  measurements  are  of  importance,  the  ratio  of  the 

1  Considerable    errors    may    be    made   unless   the    pipe    has   been    previously 
calibrated. 


TESTING   OF  FANS  AND  BLOWERS  343 

mean  to  the  maximum  velocity  in  the  pipe  should  be  determined,  as 
the  above  value  for  this  ratio  cannot  be  depended  upon  to  suit  all 
conditions. 

Orifice  Method  of  measuring  Air  Discharge. — It  can  be  shown  that, 
as  a  general  statement,  the  theoretical  exit  velocity  of  a  gas  from  an 
orifice  is  expressed  by — 

7/2    _ 

V9  "1  I  /  T-k    TT        I  f     *    2    1         V          I        It  /\ 

(4) 


where  v^  and  z>2  are  the  respective  air  velocities  before  entering  and  on 

leaving  the  orifice. 

P!  =  absolute  pressure  at  entrance  to  orifice. 
P2  =        „  „         „  exit  from  orifice. 

Vj  =  volume  of  unit  mass  at  pressure  PI. 
7=1-4  for  air. 

If  the  orifice  were  attached  to  a  comparatively  large  vessel  so  that 
^  would  be  so  small  as  to  be  negligible,  and  ;;/  is  the  coefficient  of 
velocity  for  the  orifice,  then — 


When   the   pressure  difference  (Pj  —  P2)   is   very  small  compared   to 
the  values  of  Pl  and  P2,  it  can  be  shown  that — 

^L      y  -  i     Pj  -  P2 

v    ~y jr-  nearly 

in  which  case  the  above  expression  reduces  to — 


z;2  =  wV{2^V1(P1-P2)} (6) 

Weight  of  Fluid  discharged.— 

Let  a  =  area  of  orifice  at  discharge. 

/=  coefficient  of  contraction  for  the  orifice  jet  of  air. 
V2  =  volume  of  fluid  per  unit  mass  at  exit. 
W  =  weight  of  fluid  discharged  per  unit  of  time. 

Then       W  =  £—3 

and  fXm  =  k    (coefficient  of  discharge) 

W  -  / 


If  a  is  in  square  feet,  Pa  and  P2  the  absolute  pressures  in  Ibs.  per 
1  For  proof,  reference  may  be  made  to  any  standard  work  on  thermodynamics. 
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sq.  ft.,  Vj  the  absolute  volume  at  pressure  Px  in  cub.  ft.  per  Ib.  air, 
g  =  32 '2,  y  =  i '4,  then  W  is  the  weight  of  air  discharged  in  Ibs.  per 
second. 

When  the  pressure  difference  (Pl  -  P2)  is  small,  the  value  of  vz  given 
in  expression  (6)  may  be  used  in  calculating  the  weight-flow  W,  thus— - 


p  -y 

or  since  V2  =  Vl  nearly,  and  -     -  =  53-2  per  Ib.  air,  then- 

TI 


W  = 


53-2TJ 


.     (8) 


If  *  ins.  water  column   measures  the   pressure   difference,  and  d 
ins.  is  the  diameter  of  the  orifice,  the  above  reduces  to — 


W  = 


Ibs.  per  sec. 


(9) 


The  following  table  expresses  the  coefficient  of  discharge  k  to  be 
used  in  connection  with  expression  (9)  when  using  a  sharp-edged 
circular  orifice. 

1  COEFFICIENTS  OF  DISCHARGE  k  FOR  SHARP-EDGED  ORIFICE. 


Diameter  of 

Pressure  difference  on  two  sides  of  orifice,  inches  water  column. 

orifice,  inches. 

i  inch. 

2  inches. 

3  inches. 

4  inches. 

5  inches. 

T5S 

0*603 

0'6o6 

O'6lO 

0-613 

0-616 

1 

0'602 

0-605 

0-608 

0-610 

0-613 

I 

0-601 

0-603 

0-605 

0-606 

0-607 

2 

0-600 

0-600 

o'6oo 

0-600 

o'6oo 

3 

Q'599 

0-598 

o-597 

0-596 

0-596 

4 

0-598 

o-597 

0*595 

o-594 

0-593 

4£ 

0-598 

0-596 

o-594 

o-593 

0-592 

A  convenient  arrangement  for  measuring  the  air  discharge  from  a 

fan  is  represented  in  Fig. 
1 80.  The  fan  is  arranged 
to  discharge  the  air  into  an 

Tl  II  v        II  v      f    I  (     ^  \       I    air-tight  pipe  or  box  C  of 

large  diameter  and  of 
moderate  length,  and  into 
which  may  be  fitted  one  or 
two  wire  gauze  screens,  B. 
A  sharp-edged  circular  ori- 
fice O  of  suitable  diameter 
is  bored  in  a  thin  iron  or 
brass  plate,  and  this  is  fixed 


FIG.  180. — Orifice  method  of  measuring  air 
discharge  from  fans. 


to  the  outlet  end  of  the  pipe  or  box  as  shown  so  as  to  make  an  air- 
1  R,  J.  Durley,  Trans,  Amer,  Sec.  Mech.  £"£-,  vol.  xxvii.,  1905-06, 
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tight  joint  The  air  pressure  can  be  measured  by  the  manometer  G, 
and  the  temperature  by  the  thermometer  T.  Equation  (8)  or  (9) 
could  be  used  to  calculate  the  discharge. 

There  is  a  considerable  lack  of  reliable  information  regarding  the 
coefficient  of  discharge  k  for  all  kinds  of  orifices  when  the  pressure 
difference  on  the  two  sides  is  large  compared  to  the  absolute  pressures, 
but  several  experimenters  have  used  a  circular  convergent  nozzle  for 
measuring  air-discharge  under  moderate  differences  of  pressure.  In 
the  experiments  mentioned  on  p.  342,  Mr.  M.  Longridge  compared  the 
calculated  discharge  from  convergent  nozzles,  using  equation  (7),  p.  343, 
with  that  calculated  from  the  Pitot  tube  readings,  and  found  practical 
agreement  between  the  two  methods.  He  used  the  value  0*98  for  the 
coefficient  of  discharge  k,  the  area  of  the  nozzle  a  being  that  at  the 
narrow  outlet  end.  Two  different  nozzles  were  tried,  one  diminishing 
from  ii  ins.  to  9  ins.  diameter  in  a  length  of  4^—  ins.,  the  other 
diminishing  from  9  ins.  to  7  ins.  diameter  in  the  same  length,  and 
each  was  allowed  to  discharge  directly  into  the  atmosphere. 

The  discharge  from  a  large  fan  or  blower  may  be  determined 
approximately  by  using  a  steam  coil  or  heater  where  a  sufficient  supply 
of  saturated  steam  is  available.  The  heater  coils  would  be  placed  in 
the  air  passage  or  conduit ;  the  temperatures  of  the  air  inlet  and  outlet, 
and  of  the  steam  inlet  and  condensed  steam  outlet,  would  be  obtained 
periodically  during  the  test.  The  amount  of  condensed  steam  discharged 
from  the  heater  could  be  measured  in  calibrated  vessels  or  in  weighing 
tanks.  Then  by  equating  the  heat  lost  by  the  steam  to  that  gained  by 
the  air  the  approximate  weight  of  air  discharge  could  be  calculated, 
neglecting  possible  radiation  losses  from  the  heater. 

An  electric  air  or  gas  meter  has  been  designed  by  Professor  C.  C. 
Thomas,1  whereby  the  air  or  gas  is  allowed  to  flow  past  a  series  of 
suitable  electrical  resistances  enclosed  in  a  special  pipe.  By  passing  a 
current  through  these  resistances  the  air  or  gas  could  be  raised  in 
temperature  through  a  few  degrees,  the  temperature  change  being 
indicated  by  special  platinum  resistance  thermometers,  and  automatically 
recorded  on  a  chart.  The  watts  put  into  the  heater  could  also  be 
recorded  on  a  chart  by  a  watt- integrating  meter.  Knowing  the  specific 
heat  of  the  air  or  gas,  and  equating  the  heat  received  by  the  gas  to  that 
equivalent  to  the  electrical  energy  dissipated  by  the  heater,  the  weight 
of  gas-flow  is  then  calculable,  and  the  corresponding  volume  is  obtained 
from  a  knowledge  of  the  density. 

The  air  discharge  from  a  fan  can  be  measured  positively  by  using 
one  or  two  suitable  gasometers,  into  which  the  fan  discharges,  two 
being  required  if  the  measurements  are  to  be  continuous ;  but  for 
general  work  this  method  is  hardly  practicable,  except  perhaps  for 
small  fans. 

Rough  approximations  to  the  velocity  of  air  which  is  moving 
through  a  large  passage  can  be  obtained  by  two  operators  stationed 
about  100  feet  apart  in  a  straight  portion  of  the  passage.  Each 
operator  would  require  a  watch  with  a  seconds  finger,  the  watches 

*  Trans,  Affier.  Soc,  Mec/t,  £ng.)  December,  1909, 
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being  compared  or  both  set  exactly  to  the  same  time.  At  a  pre- 
arranged time  one  operator  would  break  a  small  bottle  of  ether  or  fire 
a  little  gunpowder,  and  the  other  would  note  the  time  at  which  he 
recognized  the  arrival  of  the  ether  vapour  or  the  gunpowder  smoke ;  or, 
instead  of  using  either  of  these  indicators,  a  handful  of  light  feathers 
could  be  used  for  the  same  purpose.  The  method  is  liable  to 
considerable  errors.  Besides  personal  errors  due  to  the  employment 
of  two  observers,  the  second  has  generally  some  difficulty  in  estimating 
the  precise  time  at  which  the  indicating  substance  arrives.  He  might 
note  the  time  of  the  first  and  the  last  appearance  and  take  the  mean 
time,  but  the  result  is  no  guarantee  that  the  true  average  velocity  of  the 
air  has  thereby  been  measured,  though  the  method  might  be  made  to 
give  roughly  comparative  velocities. 

Variation  of  the  External  Resistance. — To  alter  the  external 
passage  resistance  for  experimental  work,  Mr.  Bryan  Donkin  l  used  a 
series  of  suitable  wire  meshes  and  perforated  zinc  plates,  which  he  placed 
in  the  discharge  pipe  about  8  ft.  from  the  fan  casing  exit,  and  he 
varied  these  according  to  the  resistance  required.  Another  method 
adopted  by  Messrs.  Heenan  and  Gilbert  is  to  partially  block  up  the 
end  of  the  wide  discharge  pipe  (the  pipe  in  this  case  was  18  ft.  long) 
by  means  of  a  plate  having  a  central  orifice,  the  arrangement  being 
similar  to  that  shown  in  Fig.  180.  Different  sizes  of  orifices  were 
used  to  give  the  series  of  required  resistances.  The  objection  to  this 
method  is  the  possibility  of  disturbance  to  the  flow  of  the  air  through 
the  discharge  pipe,  especially  when  the  orifice  is  comparatively  small. 

Referring  to  the  variable  conditions  mentioned  on  p.  338,  the  speed 
of  a  fan  and  the  external  passage  resistance  are  the  only  really 
independent  variables  which  can  be  introduced  without  making  structural 
alterations  to  the  fan  itself,  and  it  is  evident  that  either  of  them  could 
be  varied  independently  or  both  varied  simultaneously.  In  an  ordinary 
series  of  fan  experiments  it  is  usual  to  adjust  the  external  air  resistance 
to  the  required  value,  and  then  to  vary  the  speed  of  the  fan  between  the 
several  tests  with  this  constant  resistance.  Referring  to  the  laws  men- 
tioned on  p.  338,  it  is  seen  that  this  method  involves  a  variation  of  both 
the  air  pressure  and  the  air  velocity  simultaneously,  but  this  is  not 
really  any  disadvantage  if  the  fan  were  intended  to  operate  against  a 
constant  path  resistance  when  under  actual  working  conditions.  If, 
however,  it  was  desired  to  alter  only  the  air  velocity,  keeping  the 
static  pressure  constant,  or  to  alter  the  static  pressure  with  the  air 
velocity  maintained  constant,  it  would  be  necessary  to  alter  the  external 
resistance  simultaneously  with  any  change  of  fan  speed. 

Mechanical  Efficiency. — The  ratio  of  the  air  horse-power  delivered 
by  a  fan  to  the  horse-power  required  to  drive  it  may  be  taken  to  repre- 
sent the  mechanical  efficiency.  The  method  adopted  to  measure  the 
driving  power  depends  upon  the  character  of  the  driving  arrangement. 
If  an  engine  is  connected  directly  to  the  fan  spindle  or  connected 
through  a  belt,  it  would  be  possible  to  measure  the  indicated  horse- 
power of  the  engine  at  any  particular  load,  and  to  obtain  the  approxi- 

1  "Experiments  on  Centrifugal  Fans,"  Proc.  Inst.  Civil  Eng.,  vol.  cxxii.  p.  265. 
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mate  brake  horse-pfower  of  the  engine  from  previous  mechanical 
efficiency  tests  on  the  engine  alone.  If  the  fan  is  driven  by  an  electric 
motor,  and  the  motor  efficiencies  are  known  at  all  loads,  the  power 
required  could  be  measured  by  means  of  the  necessary  electrical 
measuring  instruments,  the  power  actually  required  to  drive  the  fan 
being  the  electrical  power  given  to  the  motor  multiplied  by  the  motor 
efficiency  at  the  particular  load.  Other  driving  arrangements  usually 
require  the  introduction  of  some  form  of  transmission  dynamometer. 

The  total  or  gross  air  horse-power  delivered  by  a  fan  is  determined 
by  the  weight  of  air  delivered  and  the  gain  of  potential  and  kinetic 
energy  per  unit  weight  of  air. 

Let  Q  =  cubic  feet  of  air  discharged  per  second. 

W  =  corresponding  weight  of  air,  Ibs.  per  second. 

pf  =  density  of  air  near  fan  inlet,  Ibs.  per  cub.  ft. 

Po  =      »         »      »          »    outlet,       „  „ 

pi  =  absolute  pressure  near  fan  inlet,  Ibs.  per.  sq.  ft. 

Po  =       n         »  j,          ,»  outlet,    „  „ 

v?  =  average  of  (velocity  squared)  near  inlet,  (ft.  per.  sec.)'2. 

v*=       „         „         „  »  ,,     outlet,  „ 


If  the  area  at  the  fan  inlet  or  outlet  were  divided  into  the  elementary 
areas  alt  <?2>  a*  •  •  •  am  and  the  respective  velocities  were  found  to  be  vl9 
v2,  z>3,  .  .  .  vn,  then  the  average  square  of  the  velocities  might  be  taken 
as  — 


Neglecting  any  small  temperature  changes  and  changes  of  level  between 
the  inlet  and  outlet  of  a  fan,  then  — 


at)  = 


Gross  air  horse-power  at  \  __   6oW  //0  __  pi      vQ2  —  v?\  .     . 

fan  exit  /  =  33,000  VPo     p,         64-4    ) 

The  change  of  air  density  in  ordinary  fans  is  usually  quite  small, 
and  if  p  represents  the  mean  density  the  above  expression  reduces  to  — 

6oW  //0  -  A.  ,  z/02  -  z'A 

Gross  air  horse-power  =  -      -  (  —  —  —  +  -V~  -  )•     •     •     (X3) 
33,000  V     p  64-4    / 

Where  a  fan  takes  in  air  directly  from  the  atmosphere  or  from  a 
large  room,  and  the  fan  inlet  is  free  from  obstruction,  the  pressure/. 
could  be  assumed  to  be  atmospheric  or  that  in  the  room,  and  the 
velocity  vt  to  be  zero. 

It  might  be  argued  that  the  above  expressions  are  too  favourable 
to  the  fan,  as  they  do  not  take  into  account  the  fact  that  a  velocity  of 
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flow  is  necessary  when  the  air  is  discharged  into  or  exhausted  from 
conducting  passages.  If,  then,  it  were  agreed  upon,  the  velocity  or 
kinetic  energy  of  the  air  at  the  exit  could  be  neglected  in  estimating 
the  gain  of  energy  or  the  horse-power,  but  in  that  case  the  pressures 
and  velocities  should  be  measured  where  the  air  velocities  have  the 
normal  value  in  the  air  system  and  as  near  to  the  fan  as  possible.  It 
is  therefore  evident  that  the  manner  in  which  the  air  horse-power  and 
efficiency  are  calculated  should  be  clearly  stated  in  the  report  of  a  fan 
test. 

Should  the  fan,  however,  be  exhausting  from  a  series  of  passages, 
such  as  those  which  occur,  for  instance,  in   mine  workings,  the  air 

pressure  /<  and  the  average  square  of  the 
.velocity  v?  would  need  to  be  measured  not 
far  from  the  fan  inlet,  and  the  discharge 
pressure  /0  could  be  measured  as  might  be 
agreed  upon ;  that  is,  it  might  be  agreed  to 
measure  the  pressure  and  velocities  as  the  air 
passes  into  the  atmosphere,  or  to  take  the 
discharge  pressure  to  be  atmospheric  and 
the  velocity  zero. 

In  any  case,  it  is  evident  that  if  the  air 
pressures  at  the  inlet  and  outlet  are  obtained 
where  the  values  of  v?  and  z>02  are  approxi- 
mately equal,  the  velocity  terms  in  expres- 
sions 12  and  13  would  cancel  each  other. 

Efficiency  of  Expanding  Chimney.— 
Under  some  circumstances  the  efficiency  of 
a  fan  can  be  increased  by  using  a  well- 
designed  chimney  at  the  fan  outlet,  such 


FiG.   181. — Expanding 
chimney  at  fan  delivery. 


as  is  represented  from  i  to  2  in  Fig.  181. 

Let  #i2  =  average  square  of  air  velocities  at  point  I,  (ft.  per  second)2 

(see  p.  347). 
z/22  =  average   square    of    air    velocities   at   point    2,   (ft.   per 

second)2. 
/!  =  absolute  pressure  of  the  air  at  i,  Ibs.  per  square  foot. 

Pz  =  »  »  »  ^'  "  J> 

A=        »  »         of  atmosphere, 

h  =  difference  of  level  between  points  i  and  2,  ft. 
p  =  average  density  of  air  between  points  i  and  2,  Ibs.  per 

cubic  foot. 
Neglecting  any  small  change  of  temperature — 


= 

p^  2g         p   ^  2g^       ^J 


('4) 


where/ is  the  energy  loss  per  pound  of  air  between  i  and  2. 
t%  f  =  tl^h  +  ^-  -  h  ft.-lbs.  per  pound  air. 
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Let  pi  =  calculated  absolute  pressure  referred  to  point  2,  Ibs.  per 
square  foot,  assuming  no  energy  loss. 

that  is — 


or — 


Then,  Efficiency  of  chimney  =  ,,_  .  =  V,  _        .....     (15) 

P 

This  expresses  the  efficiency  of  the  chimney  when  the  air  is  dis- 
charged into  a  passage  where  the  average  air  velocity  is  the  same  as 
that  at  the  exit  point  2  ;  but  when  the  air  is  discharged  directly  into  the 
atmosphere  at  the  point  2,  the  efficiency  can  then  be  expressed  by  — 


where  p*  =pl  +  —  —  ~  %P 

By  comparing  this  with  the  equation  15  it  would  be  seen  that  under 
similar  conditions  the  latter  efficiency  would  probably  be  less  than  the 
former,  unless  the  chimney  were  designed  so  that  the  velocity  at  exit 
was  comparatively  small. 

The  average  square  of  the  velocities,  v?  and  v*,  would  be  measured 
in  the  same  manner  as  was  described 
on  p.  347,  though  it  might  be  found  that 
the  distribution  of  velocity  over  the  areas 
at  i  and  2  is  somewhat  irregular  and 
erratic,  more  particularly  at  the  section  i. 

There  are  several  terms  and  expres- 
sions in  general  use  which  are  principally 
based  upon  the  laws  mentioned  on 
P»  337>  a°d  which  are  sometimes  con- 
venient for  the  comparison  of  the  perform- 
ance of  similar  fans,  and  also  for  the  FIG.  182.— Diagram  of  velocities 
study  of  the  influence  of  variable  external  at  tip  of  blades, 

resistances. 

Let  H  =  total  gain  of  head  per  Ib.  air 

=  (gain  of  pressure  energy  +  gain  of  kinetic  energy)  per  Ib.  air 


~      +    0  ft.-lbs.  per  Ib.  air  (for  units  see  p.  347). 

Referring  to  Fig.  182  — 

Let  w2  =  speed  of  outer  vane  or  blade  circumference,  ft.  per  sec. 
2/2  =  projection  of  absolute  air  velocity  at  exit  on  direction  of 
a/a  ft-  Per  sec. 
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r  =  outer  radius  of  blades,  feet. 
V  =  cubic  feet  per  second  passing  through  fan. 


Then— 


Pressure  efficiency  = -a — 

Manometric  efficiency  =  — 


Coefficient  of  delivery  =  —  —  for  one  fan  inlet 

'2 


for  two  fan  inlets 


Equivalent  orifice  = 


0-65^2  x  32-2H 


sq.  ft. 


The  constant  0^65  is  an  assumed  contraction  coefficient  for  sharp- 
edged  orifices. 

The  following  expression  is  due  to  Professor  Rateau  : — 

V 

Ouverture  =  -  =  equivalent  orifice  X  0*02. 

V32-2H 

The  curves  shown  in  Fig.  183  have  been  copied  from  Heenan  and 
Gilbert's  tests  referred  to  on  p.  337.  This  fan,  to  which  the  results  in 
Fig.  1 83  refer,  had  six  blades  each  8  ins.  wide,  the  diameter  of  the 
wheel  at  the  outer  tip  being  17  ins.  and  at  the  inner  tip  9  ins. 
The  outer  tip  of  the  blades  was  radial,  whilst  the  inner  tip  was 
inclined  towards  the  direction  of  rotation  at  an  angle  of  65°  to  a 
radial  line ;  and  in  these  particular  results  the  outer  tip  had  a  speed 


k 


* 

Effic 


O  IOOO         2000        3000       4000        5000 

Volum&Discharged^,jcuJbic  feetper  Tnin. 
FIG.  183. — Results  of  fan  tests  with  speed  of  blade  tip  12,000  ft.  per  min. 

of  1 2,000  ft.  per  minute.  The  fan  inlet  was  open  to  the  atmosphere, 
and  the  compression  line  shows  the  variation  of  the  static  or  com- 
pression pressure  with  the  change  of  the  volume  discharged,  when  the 
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external  resistance  was  varied  from  test  to  test.  The  dotted  line 
marked  "  total  gauge  "  represents  the  corresponding  average  total  pres- 
sure due  to  the  static  pressure  and  the  velocity  head  as  obtained  by  the 
Pitot  tube.  The  full  and  dotted  "  efficiency  "  lines  represent  the  corre- 
sponding fan  efficiencies,  the  full  line  taking  account  of  the  change 
of  static  pressure  only,  whilst  the  dotted  curve  takes  the  velocity 
energy  into  account  also.  In  these  tests  the  brake  or  shaft  horse- 
power delivered  to  the  fan  shaft  was  measured  by  means  of  a  trans- 
mission dynamometer. 


CHAPTER   XVI 
TESTING   OF  WATER   TURBINES  AND  PUMPS 

IT  is  not  proposed  to  enter  into  any  particular  description  or  discussion 
of  the  various  types  of  water  turbines,  motors,  or  pumps  which  are  in 
general  use,  nor  is  it  intended  to  deal  with  the  theory  of  the  action  or 
design  of  such  plant.  For  information  on  these  matters  the  reader 
should  refer  to  any  of  the  standard  books  on  hydraulics. 

When  tests  are  made  on  water  turbines  or  water  motors,  one  or  both 
of  the  following  statements  may  be  taken  to  cover  the  usual  objects  of 
such  tests  : — 

(i)  To  determine  the  power  developed;  (2)  to  determine  the 
efficiency  of  the  separate  portions  of  the  plant  and  the  over-all  efficiency. 

The  arrangements  for  a  test  or  a  series  of  tests  would  be  largely 
determined  by  the  purpose  of  the  tests,  but  unless  there  is  a  sufficient 
reason,  the  scheme  of  operation  should  not  violate  the  fundamental 
rule  which  has  been  previously  stated,  viz. — In  any  one  set  of 
experiments  not  more  than  one  independent  condition  should  be 
varied  from  test  to  test,  and  after  one  set  is  finished  another  inde- 
pendent condition  might  then  be  altered  for  a  second  set. 

The  most  important  of  the  variable  conditions  are  enumerated  as 
follows:  (i)  Variation  of  the  head  of  water  available  for  driving 
purposes ;  (2)  variation  of  the  speed  of  rotation ;  (3)  variation  of 
the  rate  of  water-flow ;  (4)  modifications  of  the  guide  passages, 
vanes,  or  pipe  connections  of  water  turbines,  or  of  the  valves,  air 
vessels,  etc.,  of  reciprocating  water  motors.  These  variable  conditions 
are  not  all  independent.  With  a  turbine  installation  the  velocity  of  the 
water-flow  is  dependent  upon  the  available  head  of  water,  and  the 
quantity  is  also  dependent  on  the  area  for  the  flow  of  the  water.  Thus 
the  third  variable  is  dependent  upon  the  value  of  the  first  and  upon  the 
particular  arrangement  of  the  fourth  variable.  In  the  case  of  a  re- 
ciprocating water  motor,  the  third  condition  is  evidently  dependent 
upon  the  second. 

The  general  arrangement  of  brakes  has  been  dealt  with  in 
Chapter  III.  The  most  convenient  arrangement  for  braking  a  water 
turbine  or  motor  would  depend  upon  the  size,  speed,  and  power,  and 
upon  the  character  of  the  drive,  i.e.  whether  mechanical  or  electrical. 
Since  most  modern  turbines  rotate  at  fairly  high  speeds,  the  Prony 
type  of  brake  is  generally  convenient  up  to  moderate  powers,  and  it  is 
also  comparatively  cheap  to  construct.  Many  types  of  turbines  are 
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built  with  vertical  driving  shafts,  and  to  obtain  the  steady  operation  of 
the  brake  in  such  cases  it  should  be  well  supported  on  the  brake-wheel 
rim.  Although  the  ordinary  rope  brake  is  quite  serviceable  for  the 
measurement  of  small  powers,  it  is  not  generally  convenient  for  the 
absorption  of  moderate  powers,  so  that  for  large  turbines  some  type  of 
band  brake  or  hydraulic  brake  might  be  used  if  the  drive  is  not  elec- 
trical, or  if  it  is  not  convenient  to  connect  the  turbine  shaft  to  a  dynamo 
of  known  efficiencies.  A  large  multi-disc  Alden  brake  has  been  used 
for  turbines  of  over  3000  brake  horse-power  (for  reference,  see 
p.  91). 

Over-all  Turbine  Efficiency.  —  The  over-all  erlcieney  is  expressed 
as  — 

Work  obtained  from  turbine  shaft  per  unit  time 
Available  energy  in  the  water  passing  per  unit  time 

The  numerator  in  the  above  expression  is  easily  deduced  from  the 
measured  brake  horse-power.  The  total  available  energy  in  the  water 
which  passes  through  the  turbine  per  unit  of  time  depends  only  upon 
the  weight  of  water  flowing  and  the  difference  of  level  between  the 
water-level  in  the  intake  and  that  in  the  tail  race.  If  W  Ibs.  of  water 
flow  per  minute,  and  if  Hj  and  H2  feet  are  the  still  water  levels  in 
the  intake  and  in  the  tail  race  respectively,  above  some  datum  level, 
then  the  total  available  energy  per  minute  is  W(Hj  —  H2)  ft.-lbs. 
The  over-all  efficiency  then  becomes— 

B.H.P.  x  3 


!  -  H2) 

The  amount  of  water  passing  through  a  turbine  can  usually  be 
determined  by  means  of  a  V  right-angled  or  a  rectangular  gauge  notch 
of  suitable  dimensions  (see  p.  222),  which  would  be  placed  either  in  the 
tail-race  stream  or  somewhere  in  the  intake  supply.  The  stream  might 
require  to  be  dammed  up  at  the  gauge  notch  to  allow  for  the  free  dis- 
charge from  the  notch  of  the  whole  of  the  water  used.  The  formulae 
given  on  pp.  222  and  223  are  applicable. 

The  mean  velocity  of  the  water  passing  through  a  supply  pipe 
could  be  obtained  by  introducing  a  Venturi  meter  (Fig.  193,  p.  365)  at 
any  convenient  straight  length  of  the  pipe,  or  by  using  the  Pitot  tubes 
as  described  on  p.  339.  Knowing  the  mean  velocity  and  the  area  of 
the  pipe,  the  quantity  of  water  flowing  through  is  easily  calculable. 

If  the  difference  of  level  (Hx  —  H2)  is  too  great  to  be  measured 
directly,  it  can  be  obtained  by  leading  a  special  gauge  pipe  of  small 
diameter  from  the  intake,  where  the  velocity  is  small,  to  a  pressure 
gauge  or  mercury  column  placed  at  any  convenient  position.  If  h  ft. 
is  the  level  of  the  centre  of  the  pressure  gauge  or  of  the  surface  of 
contact  of  the  water  and  mercury,  measured  from  the  datum  level,  and 
p  is  the  correct  gauge  pressure  in  Ibs.  per  square  inch,  or  L  feet  the 
height  of  the  mercury  column,  then  — 

Hj  —  h  =  2*3  \p  ft.  (p  for  water  taken  as  62*4  Ibs.  per  cubic  foot) 
=  I3-6L  ft  ..............     (2) 

2    A 
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The  pressure  gauge  or  mercury  column  might  be  connected  up  to 
the  turbine  supply  pipe,  but  the  recorded  pressure  would  only  repre- 
sent the  difference  of  level  when 
no  flow  occurred  in  any  portion  of 
the  supply  pipe.  In  all  cases  it  is 
essential  that  the  gauge  connecting 
pipe  should  be  full  of  water  right 
up  to  the  gauge  itself,  and  the 
gauge  should  be  tested  under  similar 
conditions. 

Efficiency  of  Turbine,  consider- 
ing Wheel  and  Casing  only.— Refer- 
ring to  the  diagrammatic  sketch  in 
Fig.  184,  where  A  represents  the  tur- 
bine casing, 

Let  PX  =  absolute  pressure  at  en- 
trance to  turbine  casing, 
Ibs.  per  sq.  ft. 

P2  =  absolute  pressure  at  exit 
from  turbine  casing, 
Ibs.  per  sq.  ft. 


l£l 

Assumed\       \    Datum  Line 

FIG.    184. — Diagrammatic  outline  of 
arrangement  of  water  turbine. 


Pa  =  absolute  pressure  of  atmosphere,  Ibs.  per  sq.  ft. 

h^  =  height  above  datum  level  at  turbine  casing  inlet,  feet. 

"2 =       j)  »  »)  j>  5>          exit,     ,, 

p  =  density  of  water  =  62-4  Ibs.  per   cubic  foot   at  ordinary 
atmospheric  temperatures. 

z'j  =  mean  velocity  of  water  at  inlet  to  casing,  ft.  per  sec. 

v2  =  „  „  „         exit  from     „  „ 

g=  acceleration  due  to  gravity  =  32*2  ft.  per  sec.2 
Then,  according  to  Bernoulli's  theorem,  the  total  energy  in  each 
pound  of  water,  reckoned  from  datum  level  and  from  zero  absolute 
pressure,  is — 


(P  V  2V 

-  +  ^i  4-  —  }  ft.-lbs.  per  Ib.  water 


and  at  exit 


(3) 


If  W  Ibs.  per  minute  flow  through  the  turbine,  then  this  water  loses 
the  energy 

~         ft.-lbs.  per  min.     .     (4) 


in  flowing  through  the  turbine  from  the  casing  inlet  to  the  exit ; 

B.H.P.  X  33,000 /  v 


/.  Turbine  efficiency  = 


Pi - 


A  - 


P 

1  A  small  error  is  here  introduced  by  taking  the  (mean  velocity)2  instead  of  the 
mean  square  of  the  velocities  (see  p.  347),  and  by  taking  the  pressure  at  the  pipe  surface 
instead  of  the  mean  pressure  over  the  section  of  the  pipe  ;  but  such  errors  are  too  sma 
to  be  taken  account  of  here. 
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The  pressures  at  inlet  to  and  exit  from  the  casing,  P!  and  P2,  could 
be  measured  by  pressure  gauges  or  by  mercury  columns  as  indicated  in 
Fig.  184.  Atmosphere  pressure  would  be  added  to  the  gauge  or  column 
readings  to  give  Px  and  P2,  but  it  is  not  really  necessary  to  do  this, 
because  the  calculation  for  efficiency  only  requires  the  difference 

(Pi  -  P2). 

If  the  turbine  works  on  the  reaction  principle,  the  wheel  would  run 
drowned;  that  is,  the  casing,  the  wheel,  and  the  exit  pipe  would  run 
quite  full  of  water.  With  the  impulse  type,  however,  the  pressure  inside 
the  casing  would  most  likely  be  nearly  atmospheric,  because  the  wheel 
and  exit  pipe  are  not  allowed  to  run  full,  except  that,  should  circum- 
stances be  such  that  the  impulse  type  of  turbine  had  to  be  placed  much 
higher  than  the  tail  race,  which  is  not  usual,  the  exit  pipe  might  be 
allowed  to  run  full,  in  which  case  the  pressure  in  the  wheel  casing  might 
be  below  that  of  the  atmosphere.  Generally  the  water  is  allowed  to 
drop  clear  from  an  impulse  turbine  into  the  tail  race. 

/v  2  —  v  2\ 
The  difference  (  -         —Jin  expressions  4,  5,  and  6  likely  to  be 

obtained  in  any  ordinary  installation  would  be  quite  small  compared  to 
the  other  values  involved,  unless  the  difference  of  level  (Hi  —  H2) 
happened  to  be  comparatively  small  and  the  inlet  and  outlet  pipes 
of  different  sectional  areas. 

Energy  Losses.  —  Except  for  the  actual  work  which  is  done  by  the 
water  on  the  wheel,  the  losses  of  energy  which  occur  in  a  turbine  wheel 
and  casing  are  due  to  sudden  changes  of  water  velocity  or  shock; 
to  frictional  resistance  of  the  water  ;  and  also  to  the  eddying  or  localized 
whirling  motions  in  the  water  as  it  flows  through  the  turbine.  No 
accurate  means  of  estimating  these  separate  losses  are  available,  but  the 
total  energy  loss  per  minute  in  the  wheel  and  casing,  including  frictional 
resistance  at  the  glands  and  bearings,  is  expressed  by  — 


.X  33,000  jft.-lbs.  per  min.     (6) 


The  energy  losses  which  occur  between  the  water  intake  and  the 
entrance  to  the  turbine  casing  are  due  to  channel  or  pipe  loss  caused 
by  the  frictional  resistance  offered  to  the  flow  of  the  water,  and  by  the 
eddy  motion  and  shock  in  the  pipe,  more  particularly  at  bends  or  at 
sudden  enlargements  or  contractions.  Assuming  the  intake  velocity  to 
be  practically  zero,  these  losses  are  expressed  by  — 

|\V(H1-//1)-  w(?^?-a  +  ^)}ft.-lbs.  per  min.     .     (7) 

There  would  also  be  a  similar  loss  in  the  exit  pipe  of  a  reaction 
turbine,  together  with  the  loss  of  some  or  all  of  the  kinetic  energy  of 
the  discharge.  The  exit  pipe  loss  is  expressed  by  — 


//-2  -  H2  +         ft.-lbs.  per  min.  .     .     (8) 
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2000 


When  the  water  is  allowed  to  drop  freely  from  the  casing  of  an 
impulse  turbine  into  the  tail  race,  the  total  exit  loss  is  expressed  by — 

-  H2  +  —  )  ft.-lbs.  per  min.     ...     (9) 

The  value  of  — -  can  usually  be  neglected  in  both  of  the  expressions 

6  and  9  when  applied  to  impulse  turbines  having  a  free  exit  from  the 

casing. 

The  curves  shown  in  Figs.  185  and  186  were  obtained  from  a  water 

turbine l  operating  on  the 
reaction  principle,  tested 
in  working  position  by 
means  of  a  multiple-disc 
Alden  brake.  The  tur- 
bine had  two  45-in.  dia- 
meter wheels  on  the  same 
shaft,  and  operated  under 
a  head  of  water  (Hi  —  H2) 
of  44  feet,  the  normal 
running  speed  being  200 
r.p.m.  Fig.  185  indicates 
the  variations  of  the  brake 
horse-power  with  speed 
FlG.  185. — Results  from  tests  of  a  water  turbine.  and  with  various  gate 
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Results  from  tests  of  a  water  turbine. 
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openings,  and  it  will  be 
noticed  that  the  B.H.P.  attained  a  maximum  at  some  particular  speed 
for  each  gate  opening,  the  speed  at  maximum  B.H.P.  increasing  the 

greater  the  gate  open- 
ing. 

The  results  given 
in  Fig.  1 86  were  ob- 
tained under  a  con- 
stant head  of  44  ft. 
and  a  constant  speed 
of  200  r.p.m.  The 

1200  \-400  & — | 1  /Jr'W^ h- VI 70  3  abscissae  represent  pro- 
portional gate  openings 
and  also  the  discharge 
as  a  percentage  of  the 
maximum.  Both  the 
brake  horse- power  and 
the  efficiency  are  shown 
in  relation  to  the  gate 
openings  and  the  pro- 
portionate discharge, 
the  relation  between  the  gate  opening  and  the  discharge  being  also  given. 
It  is  seen  from  this  that  the  maximum  efficiency  is  obtained  at  between 

1  Trans.  Amer.  Soc.  Meek.  Eng.>  vol.  32,  April,  1910. 
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FIG.  186. — Results  from  tests  of  a  water  turbine. 
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eight-tenths  and  nine-tenths  of  the  maximum  gate  opening,  and  that  the 
B.H.P.  remains  practically  constant  beyond  nine-tenths  gate  opening. 

Testing  of  Rotary  Pumps. — There  are  two  types  of  rotary  pumps, 
viz.  those  which  operate  by  centrifugal  action,  and  those  which  are 
positive.  The  centrifugal  pump  is  practically  the  reverse  of  a  reaction 
turbine,  whilst  the  positive  type  of  rotary  pump  depends  upon  the  dis- 
placing power  of  meshing  gears  or  cams  which  rotate  inside  a  suitable 
casing.  Such  pumps  may  be  driven  by  a  steam  or  internal-combustion 
engine,  or  by  an  electric  motor,  or  by  means  of  a  belt  from  any  con- 
venient source  of  power,  and  the  methods  to  be  used  for  measuring  the 
power  required  to  drive  a  pump  are  suggested  on  p.  346  in  connection 
with  the  driving  of  fans  or  blowers. 

In  the  case  of  small  pumping  installations,  the  weight  or  volume  of 
water  pumped  might  be  measured  by  weighing  or  by  using  calibrated 
measuring  vessels ;  but  for  moderate  sizes  and  for  large  pumps,  especially 
when  operating  at  low  lifts,  the  V  right- 
angled  notch  or  the  rectangular  notch 
(Fig.  130,  p.  222)  might  be  used  to 
measure  the  water  as  it  passed  into  the 
suction  tank  or  well,  or  as  it  left  the 
delivery  pipe  system.  The  Venturi  meter 
or  the  Pitot  tube  could  be  introduced  in 
the  delivery  pipe  to  give  an  approximate 
measure  of  the  water  discharge.  It 
should  be  noted  that  an  ordinary  centri- 
fugal pump  should  be  placed  a  few  feet 
below  the  level  of  the  suction  tank, 
unless  special  means  are  provided  for 
flooding  the  pump  casing  and  suction 
pipe. 

Referring  to  the  sketch  arrangement 
shown  in  Fig.  187,  let  P2,  h^  and  V2 
respectively  represent  the  pressure,  level, 

and  velocity  of  the  water  at  the  entrance  to  the  pump  casing  to  the 
units  given  on  p.  354,  and  let  P15  h^  V:  represent  the  corresponding 
items  at  the  exit  from  the  casing. 

Let  H2  =  level  of  water  in  suction  tank,  feet. 
H!  =       „  „        delivery        „ 

W  =  weight  of  water  pumped,  Ibs.  per  min. 

S.H.P.  =  applied  horse-power  at  the  pump  shaft. 

\w  H" H  ^ 

Then,  Over-all  pump  efficiency  =  ~  „  p   1 —  .     .     (10) 

The  loss  of  energy  in  the  wheel  and  casing  due  to  shock,  to  frictional 
resistance  of  the  water  and  that  of  the  glands  and  bearings,  and  due  to 
eddy  motion,  is  expressed  by — 


(n) 


H, 


Assumed  Datum  Line 

FIG.  187. — Diagrammatic  outline 
of  arrangement  of  rotary  pump. 
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Pump  efficiency  = 


(12) 


b.H.P.  X  33.000 

It  is  possible  to  make  an  approximate  estimate  of  the  mechanical 
frictional  losses  at  the  glands  and  bearings  if  the  wheel  or  impeller  is 
detached  from  the  shaft  and  the  shaft  is  then  run  under  working  con- 
ditions, measuring  the  power  thus  required  at  normal  speed. 

Loss  of  energy  in  the  suction  pipe  due  to  frictional  resistance,  eddy 
motion,  and  shock  in  the  pipe 

=    WH  - 


+  A,  +  fUbs.  per  min.     (13) 

Loss  of  energy  in  the  delivery  pipe  due  to  frictional  resistance,  eddy 
motion,  shock,  and  the  velocity  of  discharge 


_  WHl     ft.-lbs.  per  min.    (14) 


If  the  pump  installation  were  required  only  for  test  purposes,  it 
would  hardly  be  necessary  to  use  a  long  discharge  or  exit  pipe  to 
obtain  the  required  head  (Hj  —  H2),  for  if  a  suitable  throttle  or  reducing 
valve  were  introduced  in  the  pipe  at  the  pump  exit,  any  desired  head 
could  be  produced  by  simply  screwing  down  the  valve  and  thus 
restricting  the  outlet.  The  water  could  then  be  conducted  to  the 
measuring  tanks,  and,  after  measuring,  allowed  to  flow  back  to  the 
suction  tank. 

High-lift  centrifugal  pumps  are  usually  built  as  a  series  of  pumps 
conveniently  arranged  with  all  the  impellers  on  one  shaft,  each  working 
in  a  separate  chamber.  Fig.  188  represents  in 
diagrammatic  form  a  five-chamber  pump.  The 
water  enters  casing  i  from  the  suction  pipe,  and 
is  delivered  at  a  higher  pressure  from  the  circum- 
ference of  chamber  i  to  the  suction  side  of  the 
casing  or  chamber  2,  and  so  on  until  the  delivery 
pipe  is  reached.  There  is  thus  an  increment  of 
pressure  at  each  stage.  A  convenient  and  cheap 
arrangement  for  measuring  the  pressure  at  each 
stage  is  indicated  in  the  figure,  where  it  is  seen 
that  the  discharge  side  of  each  chamber  is  con- 
nected up  to  a  pressure  gauge  pipe  through  a 
cock,  only  one  of  these  cocks  being  opened  at  a 
time,  with  all  the  others  closed.  Thus  it  is  pos- 
sible to  measure  rapidly  the  water  pressure  at 
each  stage  by  means  of  a  suitable  gauge.  The  pressure  gauge  should 
be  tested  periodically,  and  the  cocks  should  be  opened  and  closed  in  a 
careful  manner  to  prevent  excessive  shocks  on  the  gauge  mechanism. 

A  mercury  column  would  hardly  be  suitable  to  measure  pressures 
for  a  high-lift  pump,  because  the  height  of  column  required  would  pro- 
bably prove  to  be  too  expensive  and  would  be  generally  inconvenient, 


FIG.  188.  Outline  of 
multi-chamber  high- 
lift  pump. 
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besides  which  the  sudden  opening  or  closing  of  any  of  the  connecting 
cocks  might  cause  violent  oscillations  of  the  mercury  column. 

The  usual  objects  of  a  test  on  a  centrifugal  pump  would  be  covered 
by  the  statements  made  on  p.  352  in  connection  with  water  turbines,  the 
variable  conditions  being  also  practically  the  same  as  those  given  on 
the  same  page ;  except  that  now  it  would  be  the  power  required  to 
drive  the  pump,  and  the  head  pumped  against.  With  a  centrifugal 
pump,  however,  the  conditions  are  such  that  with  a  constant  head 
pumped  against,  any  alteration  of  the  speed  of  rotation  would  alter  the 
rate  of  discharge,  and  would  perhaps  affect  the  delivery  pressure  at  the 
turbine  casing  exit. 

The  character  of  the  results  to  be  expected  from  a  centrifugal  pump 
are  illustrated  in  Figs.  189,  190,  191.  These  diagrams  were  obtained 
from  tests  on  a  high-lift  pump  made  by  Messrs.  Mather  &  Platt,  of 
Manchester.  In  Fig.  189  the  speed  has  been  kept  constant  at  about 
700  revolutions  per  minute,  and  the  abscissae  represent  the  discharge 


CONSTANT   SPEED. 


1000  1200          1400 

Gallons  per  Minute. 


\ 


FIG.  189. — Tests  on  high-lift  centrifugal  pump,  speed  kept  constant  and  head  varied. 
(From  "  Dunkerley's  Hydraulics,"  Vol.  /.) 

of  the  pump  in  gallons  per  minute,  while  the  ordinates  represent  the 
total  head  pumped  against  and  the  percentage  efficiencies  obtained. 
In  Fig.  190  the  discharge  has  been  kept  constant  and  the  speed  varied  ; 
the  total  head  and  the  pump  efficiencies  are  here  shown  plotted  on  a 
speed  base.  In  Fig.  191  the  results  are  shown  with  a  constant  head 
pumped  against  and  the  speed  varied,  the  speed  and  efficiency  being 
here  plotted  on  a  discharge  base.  It  should  be  noted  how  the  effi- 
ciency reaches  a  maximum  in  each  case,  and  it  is  noteworthy  that  the 
discharge  should  increase  so  rapidly  under  constant  head  conditions  in 
Fig.  191  for  comparatively  small  changes  of  speed. 

Reciprocating  Pump  Tests. — The  ordinary  objects  of  a  test  on  a 
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reciprocating  pump  would  be  included  in  one  or  more  of  the  following 
statements : — 

(i)  To  determine  the  power  required  to  drive  the  pump ;  (2)  to 


CONSTANT   QUANTITY 
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Revolutions  per  Minute. 


1000  1100 


FIG.  190. — Tests  on  high-lift  centrifugal  pump,  head  and  speed  varied,  quantity 
of  discharge  kept  constant. 


{From  "  Dunkerley's  Hydraulics"  Vol.  /.) 
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FIG.  191.  —  Tests  on  high-lift  centrifugal  pump,  head  kept  constant  and  speed  varied. 
"  Dunkerley's  Hydraulics,"  Vol.  /.) 


determine    the   mechanical    efficiency;    (3)    to   determine    the   water 
efficiency  of  the  pump,  the  over-all  efficiency,  and  the  slip  of  the  pump  ; 
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(4)  to  determine  the  amount  of  steam,  fuel,  or  heat  used  per  unit  of 
power  developed,  and  the  thermal  efficiency  of  the  plant. 

Small  pumps  might  be  driven  by  a  steam,  gas,  or  oil  engine,  or  by  an 
electric  motor,  or  might  be  belt  driven,  whilst  large  reciprocating  pumps 
are  usually  steam  or  gas  driven.  If  the  pump  is  direct  coupled  to  a 
steam  or  an  internal  combustion  engine,  the  driving  power  can  be  obtained 
from  indicator  cards  in  the  usual  way.  If  a  belt  drive  is  obtained  from 
an  ordinary  shaft,  the  driving  power  is  not  easily  measured,  because 
the  torque  or  moment  on  the  pump  crank-shaft  of  a  single-cylinder  or 
a  double-cylinder  pump  usually  has  a  considerable  cyclical  variation 
unless  a  very  heavy  flywheel  is  used  between  the  driving  power  and  the 
pump  pistons  ;  therefore  the  spring  type  of  transmission  dynamometer 
is  not  of  much  use  in  the  case  of  single  reciprocating  pumps,  but  such 
a  dynamometer  might  be  used 
in  three-crank  pumps  where  the  h  _  Delivery 
cranks  are  set  at  120  degrees. 

By    indicating     the     pump 

cylinders    in    much    the    same         t        Atnws.  Line 
manner    as    for    steam-engine 


cylinders,  the  power  developed    FlG>  I92._indicator  diagram  from  recipro- 

at  the  pump  can  be  obtained.  eating  water  pump. 

Such  a  diagram  from  a  pump 

cylinder  is  shown  in  Fig.   192.      The   mechanical  efficiency  is  then 

determined  by  the  ratio  — 

Pump  indicated  horse-power  _ 
Engine  or  shaft  horse-power  ~~ 

Using  the  same  symbols  as  those  given  for  the  centrifugal  pump 
(p.  357),  the  loss  of  energy  at  the  pump  cylinders  is  — 

JFurnp  I.H.P.  x  33,000-  w(]P^2  +hl 

(.  \       P 

ft.-lbs.  per  min  .............      (16) 


and,     Pump  efficiency  =  _  —  £  -  2£  —  .  =  Ex     (17) 

pump  I.H.P.  X  3 


Over-all  water  pump  efficiency  =  -  T\i1-T"  —  ^—    -  =  E2      (18) 

pump  I.H.P.  x  33,000 

The  over-all  combined  mechanical  and  water  pump  efficiency 

=  E0XE2  =  -  WfH.  -  H2)  -          _=£ 

engine  or  shaft  horse-power  x  33,000 

The  various  pipe  line  losses  are  expressed  by  those  given  in  con- 
nection with  centrifugal  pumps  on  p.  358.  The  water  velocities,  v±  and 
z>2,  and  the  pressures,  Px  and  P^,  would  be  somewhat  variable  during  each 
pump  cycle  unless  efficient  air  vessels  were  used  both  on  the  suction 
and  delivery  pipes  ;  but  it  is  usual  to  use  the  average  pressures,  and  the 
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average  velocities  obtained  from  the  known  discharge  and  the  known 
pipe  areas.  The  discharge  of  water  could  be  measured  as  previously 
described,  though  the  Venturi  meter  or  Pitot  tube  methods  are  not 
reliable  except  under  very  uniform  pipe  pressures  and  velocities. 
Leakage  from  glands  and  cocks  should  be  allowed  for  if  such  were 
appreciable. 

If  the  cyclical  variation  in  the  rate  of  discharge  from  a  reciprocating 
pump  is  such  as  to  cause  an  excessive  fluctuation  of  pressure,  to  obtain 
the  mean  pressure  it  is  a  common  practice  to  shut  the  gauge  cock 
partially  so  as  to  choke  the  pressure  fluctuations  at  the  gauge ;  but  the 
method  is  objectionable  owing  to  the  danger  of  accidentally  closing 
the  gauge  cock  completely,  and  thus  recording  incorrect  pressures  on 
the  gauge.  A  nearly  steady  indication  of  pressure  with  the  gauge  cock 
full  open  can  be  obtained  by  introducing  a  small  air  vessel  between  the 
main  pipe  and  the  gauge,  and  if  a  gauge-glass  is  used  on  the  vessel  the 
exact  level  of  the  water  at  which  the  pressure  is  recorded  can  also  be 
measured. 

The  slip  of  a  pump  refers  to  the  difference  between  the  discharge 
displacement  of  the  pump  plungers  or  buckets  and  the  actual  discharge 
as  measured,  and  it  is  usual  to  express  the  slip  in  pounds  or  gallons  per 
minute,  or  as  a  percentage  of  the  piston  displacement.  Under  certain 
circumstances,  as  for  instance,  at  high  rotational  speeds,  the  actual  dis- 
charge may  be  greater  than  the  calculated  displacement  of  the  pump ; 
that  is,  the  slip  may  be  negative.1 

The  stroke  of  a  pump  which  has  a  coupled  crank-shaft  is  necessarily 
constant  at  all  speeds,  but  in  some  direct-acting  pumps  without  cranks 
the  length  of  the  stroke  may  vary  slightly  with  the  speed,  or  with  the 
pressure  pumped  against ;  therefore,  for  such  pumps  the  stroke  should 
be  measured  from  the  movement  of  the  plunger  or  piston  at  the  speed 
and  pressures  obtaining  during  the  test,  and  should  be  checked  periodi- 
cally during  the  course  of  a  test. 

Let  L  =  average  stroke  of  pump,  feet. 

A  =  net  area  of  pump  plunger  or  piston,  sq.  ft. 

N  =  number  of  discharge  strokes  per  min. 

V  =  actual  water  discharge  from  pump,  cub.  ft.  per  min. 

Then,  Slip  of  pump  =  (LAN  —  V)  cub.  ft.  per  min. 
=  (LAN  —  V)62'4  Ibs.  per  min. 

62*4 
=  (LAN  —  V)-^- gallons  per  min. 

LAN  -V 
or  =  — T  AXT —  X  ioo  per  cent,  of  pump  displacement. 


In  some  cases  it  may  be  desirable  to  test  the  pump  plunger  or 
piston  and  the  pump  valves  for  leakage,  but  this  can  be  done  only 
with  the  pump  stationary.  The  precise  methods  to  be  adopted  in  any 
particular  case  would  rest  with  the  judgment  of  the  operator,  though  it 

1  For  examples  refer  to  "Slip  of  Reciprocating  Pumps,"  Professor  Goodman, 
Proc.  Inst.  of  Mech.  Eng.t  1903,  Part  I. 
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should  be  remembered  that  a  leakage  test  under  stationary  conditions 
can  only  be  a  very  rough  estimate  of  the  leakage  under  operating 
conditions. 

The  leakage  of  single-acting  plungers  can  be  obtained  by  making 
an  estimate  of  the  water  which  escapes  past  the  glands  during  operation. 
With  double-acting  piston  pumps  one  end  of  the  cylinder  could  be 
removed,  and  after  making  certain  that  none  of  the  suction  or  delivery 
valves  at  that  end  were  leaking,  one  of  the  delivery  valves  at  the 
other  end  of  the  cylinder  might  be  propped  open,  after  which 
the  full  water  pressure  might  be  allowed  to  act  at  the  closed  end  of  the 
cylinder;  the  leakage  past  the  piston  could  then  be  collected  and 
measured.  If  the  pump  is  vertical,  the  top  end  of  the  cylinder  might 
be  removed  and  the  leakage  past  the  plunger  syphoned  away  as  fast  as 
the  leakage  occurs,  the  amount  being  measured  in  calibrated  vessels ; 
or  if  large  quantities  had  to  be  dealt  with,  the  orifice  method  might  be 
utilized.  A  series  of  such  leakage  tests  could  be  made  with  the  piston 
or  bucket  in  different  positions  along  the  stroke.  Any  leakage  of 
delivery  or  suction  valves  would  probably  be  evident  on  removing  one 
or  more  of  the  inspection  doors  in  the  valve  chamber. 

The  complete  testing  of  a  steam-driven  pumping  installation  would 
necessitate  the  testing  of  the  boilers  as  well  as  the  steam  consumption 
of  the  pumps,  and  would  be  conducted  as  described  in  connection  with 
boiler  testing  (Chaps.  VII.  and  VIII.)  and  steam-engine  testing  (Chaps. 
V.  and  VI.). 

Duty  of  Pumping  Engines. — The  "  duty  "  of  a  pumping  engine  can 
be  expressed  in  several  ways.  In  this  country  a  common  method  of 
expressing  the  duty  of  a  steam  pump  is  the  number  of  foot-pounds  of 
work  done  on  the  water  per  cwt.  (112  Ibs.)  of  coal  burned. 

In  the  United  States  of  America  a  common  basis  of  duty  is  the 
foot-pounds  of  work  done  per  100  Ibs.  of  coal  burned,  or  again  per 
1000  Ibs.  of  steam  used.  A  Committee  of  the  American  Society  of 
Mechanical  Engineers  (vol.  xi.  of  Transactions)  recommended  that  the 
standard  method  of  expressing  the  duty  of  a  water-pumping  plant  be 
the  number  of  foot-pounds  of  work  done  on  the  water  (usually  that  done 
in  the  pump  cylinders)  per  1,000,000  B.Th.U.  of  heat  supplied  to  the 
engine.  No  matter  which  method  is  adopted,  the  basis  of  the  work 
and  heat  calculations  should  be  clearly  stated. 

Test  of  a  Triple-expansion  Pumping  Engine  at  Milwaukee.1- 
The  pump  was  steam  driven,  with  the  pump  plungers  directly  con- 
nected to  the  steam  piston  rods,  each  common  crosshead  being 
connected  to  a  crank  on  the  crank-shaft.  The  steam  cylinders  were 
steam  jacketed,  and  reheaters  were  used  between  the  cylinders.  It  is 
hardly  necessary  to  give  a  full  account  of  the  measurements  made  at 
the  boilers  and  at  the  steam  cylinders,  so  that  the  following  results  are 
selected  with  principal  reference  to  the  pumping  cylinders. 

1  Professor  Carpenter,  Trans.  Amer.  Soc.  Mcch.  Eng.^  vol.  15,  pp.  317,  373. 
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Dimensions  of  Pump. 

Diameter  of  H.P.  steam  cylinder 28  ins. 

I-P.  „  48  „ 

L.P.  „  74   „ 

Stroke  of  all  pistons  and  plungers 60   „ 

Number  of  single-acting  plungers 3 

Diameter  „  „          32  ins. 

Results  of  Test. 

Total  steam  I.H.P 573-9 

„      pump  cylinder  I.H.P 521 

Mechanical  efficiency  of  pump 90*8  per  cent. 

Dry  steam  used  per  steam  I.H.P.  hour ir681bs. 

Heat  supplied  by  steam  per  steam  I.H.P.  min.,  from 

hot-well  temperature 217-6  B.Th.U. 

Barometric  pressure 14-5  Ibs.  per  sq.  in. 

Absolute  steam  pressure  at  engine I35'9        »          » 

Vacuum 13-84      „          „ 

Duration  of  test 24  hours 

Temperature  of  water  pumped 34°  F. 

Weight  per  cubic  foot  water 62*42  Ibs. 

Pounds  water  lifted  per  revolution 5229  Ibs. 

Water  pressure  at  delivery  gauge 56*47  Ibs.  per  sq.  in. 

Corresponding  head  of  water 131*3  feet 

Height  of  delivery  pressure  gauge  above  centre  of 

pump  cylinder 19*8  „ 

Suction  lift  to  centre  of  pump  cylinder 10*8    „ 

Total  gain  of  head,  neglecting  velocity  of  water  (suc- 
tion well  to  pump  delivery  gauge)  161*9  „ 

Revolutions  per  hour 1218*8 

Wet  coal  used  per  hour 759*8  Ibs. 

Dry  „  „  719*8    „ 

Actual  duty *  per  100  Ibs.  dry  coal  burned      ....  143,300,000  ft.-lbs. 

„  „  100  Ibs.  wet  coal  burned      135,770,000      „ 

„  „  1000  Ibs.  steam  used       152,450,000      „ 

„  „  i, ooo, ooo  B.Th.U.  supplied  by  steam  137,660,000      „ 

Cubic  feet  water  pumped  in  24  hours  (pump  displace- 
ment)   ' 2,451,000 

Cubic  feet  water  pumped  per  hour  (pump  displace- 
ment)    102,100 

The  Venturi  Meter. — The  Venturi  meter  is  a  convenient  and  cheap 
arrangement  for  the  approximate  measurement  of  the  quantity  of  water 
flowing  steadily  through  a  pipe  under  pressure.  At  any  convenient 
portion  of  the  pipe  a  throat  section  would  be  introduced  as  represented 
in  Fig.  193,  where  the  area  a  might  be  from  \  to  j  that  of  A  when 
the  water  is  at  a  moderate  pressure.  It  is  evident  that  in  flowing  from 
A  to  a  the  velocity  of  the  water  must  increase,  and  consequently  does 
so  at  the  expense  of  some  of  the  pressure  energy. 

1  Duty  is  based  upon  the  amount  of  work  done  in  pump  cylinders  as  shown  by 
indicator  diagrams,  and  heat  in  steam  supply  is  reckoned  from  hot-well  temperature. 
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Let  PA  =  absolute  pressure  at  A,  Ibs.  per  sq.  ft. 

"a,  ~  }j  ))  &*  (lt  ,,  ,, 

z>A  =  velocity  at  A,  ft.  per  second. 
va  =  velocity  at  a,        „         „ 
P  =  density  of  the  water,  Ibs.  per  cub.  ft. 


FIG.  193.— Venturi  meter  with  connected  gauges. 

If  the   pipe   is   horizontal,   and  frictional    and    eddy   losses    are 
neglected,  then— 

PA      v?      P       v 

—  +  —  =  —  +  - 

P  2g          p  2g 

p*-p« 

But 


and 


To  allow  for  the  frictional  and  eddy  losses  it  is  generally  necessary 
to  introduce  a  coefficient,  which  makes — 


The  value  of  k  depends  slightly  upon  the  diameter  and  material  of 
the  pipes  and  upon  the  velocity  of  flow,  generally  increasing  slightly 
with  the  diameter  of  the  pipe  and  the  velocity.  Small  changes  in  the 
surface  roughness  of  the  pipe  are  not  likely  to  have  much  influence  on 
the  value  of  k. 
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Herschell  found  that  k  varies  between  0-94  and  i,  though  for  pipes 
of  only  a  few  inches  diameter  it  is  advisable  to  calibrate  the  meter. 
The  above  expression  can  be  written — 

z»A  =  WPA  -  Pa 

where  m  is  a  constant  depending  upon  the  dimensions  of  the 
meter. 

The  pressure  difference  PA  —  Pa  is  conveniently  measured  either 
on  a  differential  mercury  gauge,  M,  for  moderate  pressure  differences, 
or  by  means  of  the  differential  water  gauge  G  for  comparatively  small 
differences  of  pressure.  The  portions  of  the  pipe  at  A  and  a  are  best 
made  into  the  form  of  an  annular  box  communicating  with  the  pipe 
through  a  number  of  small  holes  carefully  bored  without  leaving  any 
burr  in  the  pipe.  The  tubes  from  the  two  ends  of  the  gauge  M  are 
connected  up  as  shown,  and  should  be  arranged  to  be  quite  full  of 
water.  The  pressure  difference  is  shown  by  the  positions  of  the  mercury 
columns,  and  it  is  advisable  to  have  a  throttling  cock  in  each  of  the 
gauge  connecting  tubes,  so  that  any  slight  oscillations  can  be  choked 
down. 

If  h  ins.  is  the  difference  of  the  mercury-levels  in  the  gauge  M, 
the  corresponding  pressure  difference  is — 

s.  per  sq.  ft. 

=  65*6^  Ibs.  per  sq.  ft. 

This  formula  takes  into  account  the  effect  of  the  water-levels  on  the 
mercury  columns.  Also,  should  the  pipe  be  placed  vertically  or 
inclined  to  the  horizontal,  the  gauge  M  could  be  used  without  any 
modification  being  necessary  to  the  above  formula,  as  the  water  columns 
in  the  connecting  tubes  would  cancel  the  effect  of  the  difference  of 
level  between  A  and  a. 

The  water  gauge  G  would  be  used  as  described  on  p.  40,  and  the 
difference  of  level  would  depend  only  on  the  value  of  (PA  —  Pa),  being 
independent  of  the  position  of  the  gauge  relatively  to  A  and  a,  and 
independent  of  any  difference  of  level  between  these  points.  When 
the  gauge  G  is  set  up  in  position,  it  might  be  necessary  to  supply  the 
gauge  with  air  under  pressure  so  as  to  be  able  to  make  full  use  of  the 
scale  on  the  gauge,  and  it  should  be  noted  that  all  connecting  gauge 
pipes  must  be  full  of  water. 

Recording  Venturi  meters  have  been  designed  to  record  the  pres- 
sure difference  between  A  and  a  on  a  clockwork-driven  chart.  This 
type  is  particularly  serviceable  where  the  total  flow  of  water  is  required 
to  be  measured  over  lengthy  periods. 

The  Venturi  meter  is  only  useful  when  the  flow  is  comparatively 
steady ;  it  would  be  of  doubtful  utility,  for  instance,  to  measure  the 
discharge  from  an  ordinary  reciprocating  pump. 


CONVERSION  TABLES,  STEAM 
TABLES,  ETC. 
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CONVERSION  TABLES. 
TABLE  OF  EQUIVALENT  TEMPERATURES. 


Cent.  Fahr. 

Cent.  Fahr. 

Cent.  Fahr. 

Cent.  Fahr. 

Cent.  Fahr. 

Cent.  Fahr. 

Cent.  Fahr. 

-  25°  -  13° 

50°  122° 

125°  257° 

200°  392° 

275°  5270 

350°  662° 

425°  797° 

-  20  -   4 

55  131 

130  266 

205  401 

280  536 

355  671 

430  806 

-15  +  5 

60  140 

135  275 

2IO   410 

285  545 

360  680 

435  815 

—  10    14 

65  H9 

140  284 

215   419 

290  554 

365  689 

440  824 

-  5    23 

70  158 

145  293 

220   428 

295  563 

370  698 

445  833 

o    32 

75  167 

150  302 

225  437 

300  572 

375  7°7 

450  842 

5   4i 

80  176 

155  311 

230  446 

3°5  5Sl 

380  716 

455  851 

10    50 

85  185 

160  320 

235  455 

310  590 

385  725 

460  860 

15    59 

90  194 

165  329 

240  464 

315  599 

390  734 

465  869 

20    68 

95  203 

170  338 

245  473 

320  608 

395  743 

470  878 

25    77 

100   212 

175  347 

250  482 

325  617 

400  752 

475  887 

30    86 

105   221 

180  356 

255  49i 

330  626 

405  761 

480  896 

35    95 

no  230 

185  365 

260  500 

335  635 

410  770 

485  90S 

40   104 

JI5  239 

190  374 

265  509 

340  644 

4J5  779 

490  914 

45   "3 

120   248 

J95  383 

270  518 

345  653 

420  788 

495  923 

TABLE  OF  VALUES  FOR  INTERPOLATION  IN  ABOVE. 

4°C.=  7'2°F.     7cC.=i2-6°F.        i°F.=o*55°C.     4°F.=2-22°C.     7°F.=3*88CC. 

5  =z  9-0          8       =14-4  2       =1-11  5       =2-77          8          4-44 

6  =10*8          9       =16-2  3       =1-66          6       =3-33          9          5'oo 

All  decimals  are  exact.  All  decimals  are  repeating  decimals. 

Length,  Area,  and  Volume. 


0-3937  * 

3-28083 
0-15500 
10-7639 

0-061023 

35-3145 

0*26417 

0'22  gal. 
2  '204622 

inch 
ft. 
sq.  in. 
sq.  ft. 
cu.  in. 
cu.  ft. 
gal.  (U.S.A.) 
(Imp.) 

Mass  and  i 
Ibs. 

inch 
ft. 
sq.  in. 
sq.  ft. 
cu.  in. 
cu.  ft. 
gal.  (U.S.  A 
gal.  (Imp.) 

Density. 
i  Ib. 

J 

2-54001    cm. 
0-30480  m. 
6-4516     sq.  cm. 
o  -092903  sq.  m. 
16-387       cu.  cm. 
0*028317  cu.  m. 
3-7854     litres 
4-5459      litres 

0-453502  kg. 

cm. 
metre 
sq.  cm. 
sq.  metre 
cu.  cm. 
cu.  metre 
litre 
litre 


kg. 

gr./cm.3  =  62-4283  Ibs. /ft.3 

Density  of  Hg  =      0-491170  Ibs. /in.3  (at  32°) 

^(standard)  =  32-1740  ft.  sec.-2 


i  lb./ft.3         =      0-016018  gr./cm.3 

Den.  of  Hg  =    13-59545   gr./cm.3  (at  o°  C.) 

g  (standard)  =  980-665  *     cm.  sec.-2 


Pressure. 


i  kg./cm.2          =    14-223 
("  metric  =    28-958 

atmosphere  ")  =  735-54 
=  32-84 
=  0-9678 


Ibs. /in.2 

in.  of  Hg 

mm.  of  Hg 

ft.  of  H2O  (at  60°) 

atmos. 


=  0-980665  *  megabars  f 

looo  mm.  of  Hg  =  1-3158       atmos. 

=  39-37*        in.  ofHg 

=  44-65  ft.  ofH20(at6o°) 

=  I9'337         lbs./in.2 

=  I"359S       kg./cm.2 

=  i  "3333       megabars  \ 

*  Exact  value,  by  definition. 


lb./in.2        =      0*070307  kg. /cm.2 
=      2*0360     in.  of  Hg 

=  5I'7I3       mm.  ofHg 

=  2771         ins.  of  H2O  (at  60°) 
=      o '068044  atmos. 
=      0-068947  megabars  f 


i  atmo. 


=  760*0  * 
=    29*921 

=    33'93 
=    14*696 

=      i  -0333 
=      1-0133 


mm.  of  Pig 

in.  of  Hg 

ft.  of  H2O  (at  60°) 

lbs./in.2 

kg./cm.2 

megabars  f 


t  megabar  =  io6  dynes  per  sq.  cm. 
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Energy. 


i  ft.-lb.      =  32  174  ft.-poundals 

=  0-13826          kg.  metre 

=  1'3558  Joules  f 

=  1-2861 X  io-3  mean  B.  Th.  U. 

=  0-3241  gr.  calorie 

=  7-145  X  io-4  lb.  °  C.  cals. 

=  1-3381  X  io-2  litre  atmos. 

=  4-7253  X  io'4  cu.  ft.  atmos. 

=  5-0505  Xio-7  H.P.  hours 

=  5-1206  X  io-7  chev.  vap.  hrs. 

=  3*7662  X IO'4  watt  hours 

Joule  f  =  0-10197         kg.  metre 

=  0-73756         ft.-lb. 

—  23'73°  ft.-poundals 

=  9-486   X  io-4  mean  B.Th.U. 

=  0*2390  gr.  calories 

-  5-270  Xio-Mb.  °C.  cal. 

=  9-8690 Xio-3  litre  atmos. 

=  3*4852  X  io-4  cu.  ft.  atmos. 

=  37251 X  io-7  H.P.  hours 

=  3-7767  X  iO'7  chev.  vap.  hrs. 

=  2-7778  X  io"4  watt,  hours 

i  B.Th.U.  =  2 -5 200  X  i o2  gr.  calories 

=  °'5556  lb-  ° c-  cal- 

ft.-lbs. 

2-5016 Xio4  It.-poundals 

=  i -07 50 Xio2  kg.  metres 

=  1-0542  X  io3  Joules  f 

=  10-404  litre  atmos. 

=  0*3674  cu.  ft.  atmos. 

=  3*927  X  io-4  H.P.  hours 

=  3*981    Xio-' chev.  vap.  hrs. 

=  0-2928  watt  hours 

i  gr.  cal.  =  3-9683  Xio'3  mean  B.Th.U. 

=  2-2046  X  io-3  lb.  °  C.  cal. 

=  3-086  ft.-lbs. 

=  99-27  ft.-poundals 

=  0-4266  kg.  metre 

=  4*1834  Joules  f 

=  4-1286  X  io-2  litre  atmos. 

=  1-4580 Xio-3  cu.  ft.  atmos. 

—  J'SSSsXio-8  H.P.  hours 

=  i -5800 Xio-6  chev.  vap.  hrs. 

=  1*1621  X  lo'3  watt  hours 


ft.  -poundal 

— 

3*1081  X  io  2  ft.-lbs. 

kg.  metre 

55 

7-2330 

Joule  f 

ES 

073756 

mean  H.Th.U. 

35 

777  '5                      ,. 

gr.  calorie 
lb.  OG.  cal. 

_ 

3'o86 
i  -3996  Xio3       ,, 

litre  atmos. 

= 

74735 

cu.  ft.  atmos. 

— 

2'1  163  XlO3          ,, 

H.P.  hour 

— 

1-98*    Xio8 

chev.  vap.  hr. 

— 

i  '9529  Xio6        ,, 

watt  hour 

— 

2-6552  X  io3 

kg.  metre 

— 

9-80665  *      Joules  f 

ft.-lb. 

=- 

1*3558                 ,, 

ft.-poundal 

= 

4-2  140  Xio-2      ,, 

mean  B.Th.U. 
gr.  calorie 

_ 

i  -0542  Xio3       ,, 
4-1834 

lb.  °C.  cal. 

— 

1-8976  Xio3 

litre  atmo. 

= 

1-0133  Xio2 

cu.  ft.  atmo. 

= 

2-8693X10'        ,, 

H.P.  hour 

— 

2-6845  Xio6 

chev.  vap.  hr. 
watt  hour 

= 

2-6478  Xio6 
3-6*      Xio3 

gr,  calorie 

— 

3-9683  Xio'3  B.Th.U. 

lb.  °  C.  cal. 

•  —  : 

1-8* 

ft.-lb. 

•  — 

1-2861  Xio-3 

ft.-poundal 

— 

3-997   Xio-5       ,, 

kg.  metre 

= 

9-302   Xio'3 

Joule  f 
litre  atmo. 

— 

9-486   Xio-4       ,, 
9-612   Xio-2 

cu.  ft.  atmo. 

= 

2-722 

H.P.  hour 

= 

2-547   Xio3 

chev.  vap.  hr. 

= 

2-512    Xio3       ,, 

watt  hour 

= 

3HI5 

mean  B.Th.U. 

= 

2-5200  Xio2  gr.  cal. 

lb.  °  C.  cal. 

= 

4-5359  Xio2       „ 

ft.-lb. 

= 

0-3241 

ft.-poundal 

= 

i  -0073  Xio-2      ,, 

kg.  metre 

= 

2-3442 

Joule  f 

= 

0-2390 

litre  atmo. 

— 

24-22 

cu.  ft.  atmo. 

— 

6-859   Xio2        ,, 

H.P.  hour 

•= 

6-417   Xio5        ,, 

chev.  vap.  hr. 

— 

6-329   Xio5 

watt  hour 

= 

8-605   Xio2 

Power. 

i  horse-power  (H.P.)  is  550  ft.-lbs.  per  second.  i  watt  is  i  Joule  per  second  or 
io7  ergs,  per  second,  i  kilowatt  (K.W.)  is  1000  watts,  i  cheval-vapeur,  or  pferdekraft, 
or  "  continental  horse-power,"  is  75  kg.  metres  per  second,  i  poncelet  is  100  kg.  metres 
per  second. 


i  K.W.  =     1-3410 

=     !"3597 
=     1-0197 

=737'56 
=  101-97 

=       -9486 
=239-04 


H.P. 

chev.  vap. 
poncelets 

ft. -Ibs. /sec. 
kg.  m./sec. 
B.Th.U./sec. 
gr.  cals. /sec. 


i  H.P.  =     0*7457 
=     i  'oi  39 

=    0-7604 

=  76-040 
=  178-25 

K.W. 
chev.  vap. 
poncelets 
ft.-lbs.  /sec. 
kg.  m./sec. 
B.Th.U. 
gr.  cal./sec. 

Exact  value,  by  definition. 


i  Joule =io7  ergs. 


2    B 
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THERMAL  PROPERTIES  OF  WATER  AT  SATURATION  PRESSURE 
(MARKS  AND  DAVIS). 


Specific  volume. 

Density. 

Temp. 

Press.  Ibs. 

144  Apv'. 

Specific* 

Temp. 

Fahr. 

sq.  in  abs. 

B.Th.U. 

heat. 

Fahr. 

ft.:'/lb. 

cm.'/gr. 

Ibs./ft.5 

grs./cm.3 

20° 

O"o6 

0-01603 

I'OOIOI 

62*37 

0-99899 

O'OOO 

I  *0l68 

20° 

30 

O'o8 

o  '01602 

1-00022 

62-42 

0-99978 

0*000 

1-0098 

30 

40 

O"I2 

o  '01602 

1*00000 

62*43 

I  -00000 

0*000 

I  -0045 

40 

50 

0-18 

o  -oi  602 

1*00027 

62*42 

0-99973 

0*001 

I"OOI2 

50 

60 

0-26 

0-01603 

1-00096 

62*37 

0*99904 

0*001 

0-9990 

60 

70 

0*36 

0-01605 

I  '00201 

62-30 

0-99799 

0*001 

Q'9977 

70 

80 

0-51 

0-01607 

I  -00338 

62-22 

0-99663 

O"OO2 

0'9970 

80 

90 

0*70 

0-01610 

I  -00504 

62*11 

0-99498 

O"OO2 

0-9967 

90 

100 

o-95 

0*01613 

1*00698 

62*00 

0-99307 

0-003 

0-9967 

100 

110 

1-27 

0-01616 

1-00915 

6r86 

0-99093 

0*004 

0-9970 

110 

120 

1-69 

0-01620 

1-01157 

6171 

0*98857 

0*005 

0-9974 

120 

130 

2*22 

0-01625 

I  '01420 

6i-55 

0*98600 

0*007 

0-9979 

130 

140 

2-89 

0*01629 

I  '01705 

61*38 

0*98324 

0*009 

0-9986 

140 

150 

371 

0-01634 

1*02011 

61*20 

0*98029 

O'OII 

0-9994 

150 

160 

474 

0-01639 

1*02337 

61*00 

0-97717 

0*014 

I  '0002 

160 

170 

5  '99 

0*01645 

I  -02682 

60*80 

0-97388 

0*018 

I  '0010 

170 

180 

7'5* 

0*01651 

I  -03047 

60*58 

0-97043 

0-023 

I  "0019 

180 

190 

9  '34 

0*01657 

1-03431 

60*36 

0-96683 

0*029 

I  '0029 

190 

200 

11*52 

0*01663 

i  -03835 

60-12 

0-96307 

0*036 

1-0039 

200 

210 

14-13 

0-01670 

I  -04256 

59-88 

0-95917 

0-044 

I  '0050 

210 

220 

17-19 

0-01677 

I  -0469 

59'63 

0-9552 

0-054 

1*007 

220 

230 

20-77 

0-01684 

1-0515 

59-37 

0*9510 

0-065 

1*009 

230 

240 

24-97 

0-01692 

I  -0562 

59'n 

0*9468 

0*078 

1*012 

240 

250 

29-82 

0-01700 

1*0611 

58-83 

0*9425 

0-094 

1*015 

250 

260 

35'42 

0-01708 

1-0662 

58-55 

0-9379 

O'II2 

1*018 

260 

270 

41-85 

0-01716 

1-0715 

58-26 

0-9332 

0-133 

I  '021 

270 

280 

49-18 

0*01725 

1*0771 

57-96 

0-9284 

0-157 

1-023 

280 

290 

57'5S 

0-01735 

1*0830 

57-65 

0*9234 

O'l85 

1*026 

290 

300 

67'oo 

0-01744 

I  '0890 

57-33 

0*9183 

0-2I7 

1*029 

300 

310 

77-67 

0-01754 

1-0953 

57-00 

0-9130 

0-254 

1*032 

310 

320 

89-63 

0*01765 

1-1019 

56-66 

0-9075 

0-295 

1*035 

320 

330 

103-0 

0-01776 

1-1088 

56-30 

0-9019 

0-340 

1-038 

330 

340 

n8'o 

0-01788 

1-1160 

55'94 

0*8961 

0*391 

1*041 

340 

The  mean  specific  heat  between  32°  F.  and  212°  F.  is  taken  as  unity. 
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Temp. 

F;ilir. 

Press.  IBs. 
sq.  in.  abs. 

Specific  volume. 

Density. 

144  Apv'. 
B.Th.U. 

Specific 
heat. 

Temp. 
Fahr. 

ft.'/lb. 

cm.Vgr. 

Ibs./ft.5 

grs./cm.3 

350° 

135 

o  '01800 

1-1235 

55  '57 

0*8902 

0*448 

I  '045 

350° 

360 

153 

0*01812 

1-1313 

55'i8 

0-8840 

o'5i3 

1-048 

360 

370 

173 

0*01825 

1*1396 

5478 

0-8776 

0-586 

1*052 

370 

380 

196 

0*01839 

1*1483 

54  '36 

0-8709 

0-666 

1*056 

380 

390 

220 

0-01854 

i  '1573 

53  '94 

0-8642 

0*756 

ro6o 

390 

400 

247 

0*0187 

1*167 

53'5 

0-857 

0-86 

1*064 

400 

410 

276 

0*0189 

1*177 

53  'o 

0*850 

0*96 

i  -068 

410 

420 

308 

0-0190 

1*187 

52-6 

0*843 

1*09 

1-072 

420 

430 

343 

0*0192 

1*197 

52*2 

0-835 

1*22 

1*077 

430 

440 

381 

0*0194 

1*208 

5*7 

0*828 

r36 

1*082 

440 

450 

421 

0*0195 

I  '220 

51-2 

0-820 

I-52 

1-086 

450 

460 

465 

0*0197 

I-232 

507 

0*812 

I-70 

1-091 

460 

470 

513 

0*0199 

1-244 

50*2 

0*804 

I-89 

1*096 

470 

480 

565 

0'020I 

1*256 

497 

0*796 

2*10 

1*101 

480 

490 

622 

0*0203 

1-269 

49*2 

0*787 

2-34 

rio6 

490 

500 

684 

0*0206 

1-283 

48*7 

0-779 

2*60 

1-112 

500 

510 

75i 

0*0208 

1*297 

48*1 

0*771 

2*89 

1*117 

510 

520 

822 

O*O2IO 

I-3I2 

47-6 

0-763 

3*20 

1-123 

520 

530 

897 

0-0213 

1-329 

47*0 

0755 

3*54 

1-128 

530 

540 

977 

0*0216 

i"35 

46-3 

0-74 

3'9 

i-i34 

540 

550 

1062 

0*0219 

i'37 

45-6 

073 

4  '3 

1*140 

550 

560 

1152 

0*0223 

i'39 

44  '9 

0*71 

4-8 

1*146 

560 

570 

1247 

0*0227 

1*42 

44*1 

0*70 

5'3 

1-152 

570 

580 

1349 

0-0231 

1-44 

43-3 

0*69 

5'8 

1*158 

580 

590 

1458 

0*0235 

1-46 

42-6 

0-68 

6*4 

1-165 

590 

600 

1574 

0*024 

1-49 

4f8 

0*67 

7-0 

1*172 

600 

610 

1697 

0*024  * 

.1-52* 

41*0* 

0*66* 

77* 

— 

610 

620 

1827 

0-025 

i-S6 

40-1 

0*64 

8'5 

— 

620 

630 

1965 

0*026 

1*60 

39'i 

0-63 

9*3 

— 

630 

640 

2III 

0-026 

1*64 

38-1 

0-61 

10-3 

— 

640 

650 

2265 

0*027 

1*69 

36-9 

o'59 

11-4 

— 

650 

660 

2428 

0*028 

175 

35-6 

o'57 

12-6 

— 

660 

670 

2599 

0-029 

1*84 

34'i 

o'5S 

14-2 

— 

670 

689 

2947 

0*049 

3"°4 

20*5 

o-33 

26-7 

00 

689 

*  The  specific  volumes   and  densities  below  600°  were  taken  from  the  3rd  (1905) 
edition  of  Landolt  and  Bernstein's  "  Physikalische  Tabellen." 
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BOILING  POINTS  FOR  THERMOMETER  CALIBRATIONS  (MARKS  AND  DAVIS). 


Press, 
in.  of  Hg. 

Temp. 
Fahr. 

Press, 
in.  of  Hg. 

Temp. 
Fahr. 

Press, 
in.  of  Hg. 

Temp. 
Fahr. 

Press, 
in.  of  Hg. 

Temp. 
Fahr. 

Press, 
in.  of  Hg. 

Temp. 
Fahr. 

22'0 

J96'95 

25-0 

203*10 

28-0 

208  '67 

29-5 

211-27 

31'0 

213-80 

•2 

197  '37 

•2 

203-48 

•1 

208-85 

•6 

211-44 

•1 

213-96 

•4 

19779 

•4 

203-86 

•2 

209-03 

•7 

211-62 

•2 

214*13 

•6 

198-21 

•6 

204-24 

•3 

209  '2O 

•8 

211-79 

•3 

214-29 

•8 

198-63 

•8 

204-62 

•4 

209-37 

•9 

211*96 

•4 

214-46 

23-0 

199  >05 

260 

205*00 

28*5 

209*55 

30-0 

212*13 

31-5 

214-62 

•2 

1  99  '47 

•2 

205-38 

6 

209-73 

•1 

212*30 

•6 

21479 

•4 

199-89 

•4 

20575 

•7 

209-91 

•2 

212*47 

•7 

2i4'95 

•6 

200-31 

•6 

206-12 

•8 

210  '08 

•3 

212*64 

•8 

215-11 

•8 

200  '72 

•8 

206-49 

9 

210-25 

•4 

212-81 

•9 

215-27 

24'0 

201-13 

27-0 

206-86 

29-0 

210-42 

30-5 

212*97 

32-0 

215*43 

•2 

201  '54 

•2 

207-23 

•1 

210-59 

•6 

213*13 

•2 

2I57S 

•4 

201*94 

•4 

207-59 

•2 

210*76 

•7 

213*30 

•4 

216*08 

•e 

202-33 

•6 

207*95 

•3 

210-93 

•8 

213*46 

•6 

216*40 

•8 

202-72 

•8 

208-31 

•4 

2II"IO 

*9 

213*63 

•8 

216*72 

Metric  Units. 


Press, 
mm.  of 
Hg. 

Temp. 
Cent. 

Press, 
mm,  of 
Hg. 

Temp. 
Cent. 

Press. 

mm.  of 
Hg. 

Temp. 
Cent. 

Press, 
mm.  of 
Hg. 

Temp. 
Cent. 

Press, 
mm.  of 
Hg. 

Temp. 
Cent. 

550 

91-19 

700 

97*71 

725 

98-68 

750 

99-63 

775 

KJO'SS 

60 

91*67 

1 

97*75 

6 

98-72 

1 

99-66 

6 

100*59 

70 

92*14 

2 

9779 

7 

98-76 

2 

99-70 

7 

100*62 

80 

92*60 

3 

97*83 

8 

98-80 

3 

99'74 

8 

100*66 

90 

93*06 

4 

97-87 

9 

98*84 

4 

99-78 

9 

100*69 

600 

93*51 

705 

97*91 

730 

98-87 

755 

99-81 

780 

100*73 

05 

93*73 

6 

97*95 

1 

98-91 

6 

99*85 

1 

100*77 

10 

93'96 

7 

97*99 

2 

98*95 

7 

99*89 

2 

100*80 

15 

94*18 

8 

98-03 

3 

98-99 

8 

99*92 

3 

100*84 

20 

94-40 

9 

98-07 

4 

99-03 

9 

99-96 

4 

100*87 

625 

94*61 

710 

98-10 

735 

99*06 

760 

lOO'OO 

785 

100*91 

30 

94-83 

1 

98-14 

6 

99*10 

1 

100*04 

6 

100*95 

35 

95*04 

2 

98*18 

7 

99*14 

2 

100*07 

7 

100*98 

40 

95-25 

3 

98*22 

8 

99*18 

3 

lOO'II 

8 

IOI"O2 

45 

95*47 

4 

98-26 

9 

99-21 

4 

100*15 

9 

101*05 

650 

95-68 

715 

98-30 

740 

99*25 

765 

100-18 

790 

101-09 

55 

95-89 

6 

98-34 

1 

99*29 

6 

100*22 

1 

101-12 

60 

96-10 

7 

98-38 

2 

99  '33 

7 

100*26 

2 

ioi'i6 

65 

96-30 

8 

98*41 

3 

99*36 

8 

100-29 

3 

XOI'20 

70 

96-51 

9 

98-45 

4 

99-40 

9 

100-33 

4 

101-23 

675 

9671 

720 

98*49 

745 

99  '44 

770 

100-37 

795 

101-27 

80 

96-91 

1 

98*53 

6 

99-48 

1 

100*40 

6 

101*30 

85 

97-12 

2 

98*57 

7 

99-5I 

2 

100-44 

7 

IOJ'34 

90 

97-32 

3 

98-61 

8 

99'55 

3 

100-48 

8 

ioi  -37 

95 

97-52 

4 

98-65 

9 

99*59 

4 

100*51 

9 

IOI-4I 
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SATURATED  STEAM  :  PRESSURE  TABLE  (MARKS  AND  DAVIS).' 


Press. 

Ibs. 
sq.  in. 
abs. 

Temp, 
deg.  F. 

SPress 
atmos.2 

Sp.vol. 
cu.  ft. 
perlb. 

Density 
Ibs.  per 
cu.  ft. 

Heat 
of  the 
liquid. 

B.TH.U, 

Latent 
heat  of 
evap. 
B.TH.U. 

Total 
heat  of 
steam. 
B.TH.U. 

Internal  energy. 

B.TH.U. 

Entropy. 

Press. 
Ibs. 
sq.  in 
abs. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

1 

101-83 

0-068 

333-0 

0*00300 

69-8 

1034-6 

1104-4 

972-9 

1042-7 

0*1327 

1-84271-9754 

1 

2 

126*15 

0-136 

•73-5 

0*00576 

94-0 

I02I-0 

1115-0 

956-7 

1050-7 

0-1749 

1-7431  1-9180 

2 

3 

141-52 

0-204 

118-5 

0*00845 

109-4 

012*3 

1121-6 

1055-8 

0-2008 

1*68401*8848 

3 

4 

I53-OI 

0*272 

90-5 

0*01107 

120-9 

1005*7 

1126-5 

938-6 

I059-5 

0-2198 

1-64161-8614 

4 

5 

162-28 

0*340 

73-33 

0-01364 

130-1 

iooo*3 

1130-5 

932*4 

1062-5 

0-2348 

1-60841-8432      5 

6 

170-06 

0*408 

61-89 

0*01616 

137-9 

995-8 

1133-7 

927-0 

1064-9 

0-2471 

1-5814  1-8285      6 

7 

176-85 

0-476 

53-560-01867 

144-7 

991*8 

"36-5 

922*4 

1067-1 

0-2579 

1*55821*8161     7 

8 

182-86 

0-544 

47-270-02115 

150*8 

988*2 

1139-0 

918*2 

1069*0 

0-2673 

1-53801*8053 

8 

9 

188*27 

0*612 

42-360-02361 

156-2 

985-0 

1141"! 

914*4 

1070*5 

0-2756 

1*52021*7958 

9 

10 

193*22 

0-680 

38-380-02606 

161*1 

982*0 

1143-1 

910-9 

1072*0 

0*2832 

1-50421-7874 

10 

11 
12 

I97-75 
201*96 

0*748 
0*816 

35-100*02849 
32*360*03090 

1657 
169-9 

979*2 
976*6 

1144-9 
1146-5 

907-8 
904*8 

1073-4 
1074*7 

0*2902 
0-2967 

1*48951*7797 
1*4760:1-7727 

11 
12 

13 

205-87 

0*885 

30*030*03330 

173-8 

974'2 

1148-0 

902*0 

1075*8 

0-3025 

1-4639^7664 

13 

14 

209-55 

0-953 

28*02 

0-03569 

177-5 

971-9 

1149-4 

899-3 

1076*8 

0-3081 

1-45231-7604 

14 

15 

213-0 

I  -021 

26*27 

0*03806 

181-0 

969-7 

1150-7 

896*3 

1077*8 

0-3I33 

1-4416 

1*7549 

15 

16 

216-3 

1-089 

24*79 

0*04042 

184*4 

967*6 

1152*0 

894*4 

1078-7 

0-3183 

1*4311 

1-7494 

16 

17 

219*4 

'157 

23-38 

0*04277 

187-5 

965-6 

1153*1 

892*1 

1079-6 

0-3229 

1*4215 

1-7444 

17 

18 

222-4 

•225 

22'l6 

0-04512 

190*5 

1154-2 

889-9 

1080-4 

0*3273 

1-4127 

1-7400 

18 

19 

225-2 

•293 

21-07 

0-04746 

193-4 

961*8 

1155-2 

887*8 

IOBI'1 

1-4045 

1-7360 

19 

20 

228-0 

•36l 

20*08 

0*04980 

196*1 

960*0 

1156*2 

885*8 

1081*9 

0-3355 

1-396517320 

20 

21 

230-6 

•429 

I9*l8 

0-05213 

198-8 

958-3 

1157-1 

883-9 

1082-6 

Q'3393 

1-3887  1*7280 

21 

22 

233  -J 

"497 

I8-37 

0-05445  201-3 

956*7  1158-0    882-0 

1083  '20-3430  i  •381111-7241 

22 

23 

235-5 

•565 

17-620-05676    203-8 

955"! 

1158-8 

880-2 

1083  -9|o-3465ii  -3739  i  -7204 

23 

24 

237-8 

I-633 

16-930-05907   206  'I 

953*5 

1159-6 

878-5 

1084-50-3499  1-3670  17169 

24 

25 

240-1 

1*701 

16*300-0614 

208-4 

952  *c 

1160-4 

876*8 

1085*1 

0-3532 

1*3604 

1*7136 

25 

26 

242*2 

1-769 

15-720-0636 

210*6 

950-6 

Il6l"2 

875*1 

1085  '6  0*3564  i  -3542  i  -7106 

26 

27 
28 

244-4 
246-4 

I-837 
J-905 

15-180-0659 
14-670-0682 

2127 
214-8 

949-2 
947-8 

1161*9 
1162*6 

872-0 

1086  *2  o  -3594  i  -3483  i  -7077 
1086-70-3623  1*3425  17048 

27 
28 

29 

248-4 

i'973 

I4-I9 

0-0705 

216-8 

946-4 

1163*2 

870*5 

1087*2 

0-3652 

1-3367 

I-70Z9 

29 

30 

250*3 

2-041 

1374 

0-0728 

218*8 

945  "J 

1163*9 

869*0 

1087*7 

0-3680 

1-3311 

1-6991 

30 

31 

252-2 

2*109 

I3-32 

0-0751 

220*7 

943-8 

1164-5 

867*6 

1088-2 

0-37071-32571-6964 

31 

32 

254-1 

2*178 

12-93 

0-0773 

222  '6 

1165*1 

866-2 

1088-6 

0-3733  i*3205!  i  '6938 

32 

33 

255-8 

2-246 

12-57 

0-0795 

224*4 

941  "3 

11657 

864*8 

1089-1 

0-3759 

1*315511*6914 

33 

34 

257-6 

2W 

I2"22 

0-0818 

226  2 

940*1 

1166-3 

863-4 

1089*5 

0-3784 

1*3107 

I  -6891 

34 

35 

259*3 

2*382 

11*89 

0*0841 

227-9 

938-9 

1166-8 

862*1 

1089-9 

0*3808 

1*3060 

1-6868 

35 

36 

261-0 

2-450 

11*58 

0*0863 

229*6 

9377 

1167-3 

860-8 

1090-3 

0-38321*3014 

1-68461  36 

37 

262-6 

2-518 

11-29 

0-0886 

231*3 

936*6 

1167-8 

859*5 

10907 

0-38551-29691-6824    37 

38 

264-2 

2-586 

II'OI 

0*0908 

232-9 

935-5 

1168-4 

858*3 

1091*0 

0*3877  i  -2925!  i  -6802)  38 

39 

265-8 

2-654 

1074 

0-0931 

234-5 

934*4 

1  168-9 

857-I 

1091-4 

0-38991-2882  1*6781 

3tf 

40 

267-3 

2*722 

10*49 

0*0953 

236*1 

933'3 

1169*4 

855*9 

1091*8 

0-39201-2841  1-6761 

40 

41 

268-7 

2*790 

10-25 

0*0976 

237-6 

932-2 

1169-8 

854*7 

1092-2  0*394111-2800  1*6741 

41 

42  270-2 

2-858 

10-020-0998 

239*1 

931*2 

1170-3 

853-6 

1092*50*3962)1*2759  1*6721 

42 

43 

271*7 

2-926 

9*80  0*1020 

240*5 

930-2 

11707 

852*4 

1092-80*3982 

1*2720  1*6702 

43 

44 

273-1 

2-994 

9-59 

0-1043 

242*0 

929-2 

1171*2 

1093-20-4002 

1*2681 

1*6683 

44 

45 

274*5 

3-062 

9*39 

0*1065 

243-4 

928*2 

1171*6 

850*3 

1093*50-4021 

1-2644 

1-6665 

45 

46 

275-8 

3"I3° 

9"2O 

0-1087 

244*8 

927*2 

1172*0 

849*2  11093-8  0-4040  i  -2607  1*6647 

46 

47 
48 

277-2 
278-5 

3-198 
3-266 

9*020*1109 
8*840*1131 

246*1 
247-5 

926*3 

1172*4 

1172*8 

848-1   1094*1  0*40591-2571  1*6630 
847*1   1094-4  0-4077  i  -2536  1*6613 

47 
48 

49  279-8 

3*334 

8*670*1153 

248-8 

924-4  1173*2 

846-1   1094-7  0-4095  i  -2502  i  -6597    49 

1  In  their  Steam  Tables  Messrs.   Marks  and   Davis  give  complete  information  regarding 
the  properties  of  saturated  and  superheated  steam,  and  discuss  fully  the  sources  and  reliability 
of  all  their  data. 

2  i  atmo  (standard  atmosphere)  -  760  mms.  of  Hg  by  def.  —  29*921  ins.  of  Hg  =  14*696  Ibs. 
per  sq.  in.     The  British  Thermal  Unit  in  these  tables  is  T^  part  of  the  total  heat  required  to 
raise  one  pound  of  water  from  the  freezing  point  (32°  F.)  to  the  boiling  point  (212°  F.). 
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Press. 
Ibs. 
sq.  in. 
abs. 

Temp, 
deg.  F. 

Press, 
atmos. 

Sp.vol. 
cu.  ft. 
per  Ib. 

Density 
bs.  per 
cu.  ft. 

Heat 
of  the 
.iquid, 

B.TH.U. 

Latent 
icat  of 
evap. 

B.TH.U. 

Total 
leat  of 
steam, 
B.TH.U, 

nternal  energy, 

B.TH.U. 

Entropy. 

Press. 
Ibs. 
sq.  in. 
abs. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

50 

281-0 

3-402 

8-5l 

0*1175 

250-1 

923-5 

1173-6 

845-0 

1095*0 

0-4113 

1-2468 

1-6581 

50 

51 

282-3 

3-470 

8-35 

0*1197 

251-4 

922-6 

1174-0 

844-0 

1095-3 

0-4130 

1-2435 

1-6565 

51 

52 

283-5 

8-20 

0*1219 

252*6 

921*7 

H74-3 

843-1 

1095-5 

0-4147 

1*2402 

I-6549 

52 

53 

284-7 

3*606 

8-05 

0*1241 

253-9 

920-8 

1174-7 

842-1 

1095*8 

0-4164 

1-2370 

I-6534 

53 

54 

285-9 

3-674 

7-91 

0*1263 

255'1 

919-9 

1175-0 

841-1 

1096*1 

0-4180 

1-2339 

1-6519 

54 

55 

287-1 

3-742 

7-78 

0-1285 

256-3 

919-0 

H75'4 

840-2 

1096*3 

0-4196 

1-2309 

1-6505 

55 

56 

288-2 

3*810 

7-65 

0-1307 

257-5 

918-2 

H757 

839*3 

1096*6 

0-4212 

1-2278 

1-6490 

56 

57 

289-4 

3-878 

7-52 

0-1329 

2587 

917-4 

1176*0 

838-3 

1096*8 

0-4227 

1-2248 

I-6475 

57 

58 

290-5 

3*947 

7-40 

0-1350 

259-8 

916-5 

1176*4 

837-4 

1097*1 

0-4242 

I-22I8 

1*6460 

58 

59 

291-6 

4-015 

7-28 

0-1372 

261-0 

915-7 

1176*7 

836-5 

1097*3 

0-4257 

1-2189 

1-6446 

59 

60 

292-7 

4-083 

7-17 

°"I394 

262-1 

914-9 

1177-0 

835-6 

1097*6 

0-4272 

1*2160 

1-6432 

60 

61 

293-8 

7-06 

0-1416 

263-2 

914-1 

H77-3 

834-8 

1097*8 

0-4287 

1-2132 

1*6419 

61 

62 

294-9 

4-219 

6-95 

0-1438 

264-3 

913-3 

1177-6 

1098*0 

0-4302 

1-2104 

1*6406 

62 

63 

295'9 

4-287 

6-85 

0-1460 

265-4 

912-5 

1177-9 

833-I 

1098-2 

0-4316 

1-2077 

1-6393 

63 

64 

297-0 

6-75 

0-1482 

266-4 

911*8 

1178-2 

832-2 

1098-4 

0-4330 

I  -2050 

1-6380 

64 

65 

298-0 

4-423 

6-65 

0-1503 

267-5 

911*0 

1178-5 

831*4 

1098-7 

0-4344 

1-2034 

1-6368 

65 

66 

299-0 

4-491 

6-56 

°'I525 

268-5 

910-2 

1178*8 

830-5 

1098-9 

0-4358 

1-2007 

I-6355 

66 

67 

300-0 

4'559 

6-47 

°"I547 

269-6 

909-5 

1179-0 

8297 

1099-1 

1-1972 

i  '6343 

67 

68 

301*0 

4-627 

6-38 

0-1569 

270*6 

908-7 

H79-3 

828-9 

1099-3 

0-4385 

1-1946 

1-6331 

68 

69 

302-0 

6-29 

0-1590 

271-6 

908-0 

1179-6 

828-1 

1099-  5 

0-4398 

1-1921 

1*6319 

69 

70 

302-9 

4-763 

6-20 

0*1612 

272*6 

907-2 

1179-8 

827-3 

1099-7 

0*4411 

1-1896 

i  '6307 

70 

71 

303-9 

4-83I 

6*12 

0*1634 

273-6 

906-5 

1180-1 

826-5 

1099-9 

0-4424 

1-1872 

1-6296 

71 

72 

304-8 

4-899 

6-04 

0*1656 

274-5 

905-8 

i  i  80-4 

825-8 

IIOO'I 

0-4437 

1-1848 

1-6285 

72 

73 

305-8 

4-967 

5-96 

0-1678 

275-5 

905-1 

1180*6 

825-0 

1100-3 

0-4449 

1-1825 

1*627.; 

73 

74 

306-7 

5-035 

5-89 

0*1699 

276*5 

904-4 

1180*9 

824-2 

1100-5 

0-4462 

1-1801 

1-6263 

74 

75 

307-6 

5-I03 

5-81 

0-1721 

277-4 

903-7 

1181*1 

823-5 

iioQ-6 

0*4474 

1-1778 

1-6252 

75 

76 

308-5 

5-171 

5-74 

0-1743 

278*3 

903-0 

1181*4 

822-7 

noo'8 

0*4487 

1-1755 

1*6242 

76 

77 

309-4 

5'239 

s;67 

0*1764 

279*3 

902-3 

1181*6 

822-0 

IIOI'O 

0-4499 

1-1732 

1*6231 

77 

78 

3IO"3 

5-307 

0-1786 

280*2 

901-7 

1181-8 

821-3 

1101*2 

0-4511 

1-1710 

1-6221 

78 

79 

311-2 

5"375 

5-54 

0-1808 

281*1 

901-0 

1182*1 

820*6 

1101-4 

0-4523 

1-1687 

1-6210 

79 

80 

312-0 

5*444 

5'47 

0*1829 

282*0 

900-3 

1182-3 

819-8 

noi'6 

0-4535 

1-1665 

1-6200 

80 

81 

312-9 

5"5*2 

0*1851 

282-9 

899-7 

1182-5 

819-1 

11017 

0-4546 

1-1644 

1-6190 

81 

82 

3I3-8 

5-580 

5'34 

0*1873 

283-8 

899-0 

1182-8 

818-4 

noi"9 

0-4557 

1-1623 

1-6180 

82 

83 

314-6 

5-648 

5-28 

0*1894 

284-6 

897-4 

1183-0 

817-7 

II02'I 

0*4568 

I  -1602 

1*6170 

83 

84 

0*1915 

285-5 

897-7 

1183-2 

817-0 

II02-2 

0-4579 

1-1581 

1*6160 

84 

85 

316-3 

5-784 

5-i6 

0-1937 

286-3 

897-1 

1183-4 

816-3 

1102'^ 

0*4590 

1-1561 

1*6151 

85 

86 

5-852 

5-10 

0-1959 

287*2 

896-4 

1183-6 

815-6 

1  102'6 

0*4601 

1-1540 

1*6141 

86 

87 

3J7"9 

5-920 

5-05 

0*1980 

288-0 

895-8 

1183-8 

815-0 

II02'7 

0*4612 

1-1520 

1-6132 

87 

88 

318-7 

5*00 

0*2001 

288-9 

895-2 

1184-0 

8I4-3 

II02-9 

0-4623 

1-1500 

1-6123 

88 

89 

6-056 

4'94 

0*2023 

2897 

894-6 

1184-2 

813-6 

II03-0 

0*4633 

1-1481 

1-6114 

89 

90 

320-3 

6-124 

4*89 

0*2044 

290-5 

893-9 

1184-4 

813-0 

II03-2 

0*4644 

1*1461 

1-6105 

90 

91 

321*1 

6*192 

4-84 

0*2065 

291-3 

893-3 

1184-6 

812-3 

1103"; 

0*4654 

1*1442 

1-6096 

91 

92 

321-8 

6-260 

4'79 

0-2087 

292*1 

892-7 

1184-8 

811-7 

1103*5 

0*4664 

1-1423 

1-6087 

92 

93 

322*6 

6-328 

4'74 

0-2I09 

292-9 

892*1 

1185-0 

811-0 

1103-6 

0*4674 

1-1404 

1-6078 

93 

94 

323-4 

6*396 

4-69 

0-2I30 

891*5 

1185-2 

810-4 

1103-8 

0*4684 

1-1385 

1-6069 

94 

95 

324-1 

6-464 

4-65 

0-2151 

294-5 

890-9 

1185-4 

8097 

1103-9 

0-4694 

1-1367 

i  -6061 

95 

96 

97 

6-532 
6-600 

4*60 
4-56 

0-2I72 
0-2193 

295'3 
296-1 

890-3 
889-7 

1185-6 
1185-8 

809-1 
808-5 

1104-10*4704 
1104-20-4714 

1-13481-6052 
1-13301-6044 

96 
97 

98 

326-4 

6-668 

O'22I5 

296-8 

889-2 

1186-0 

807-9 

1104*40*4724 

1-13121-6036    £ 

99 

327-1 

6736 

4'47 

0-2237 

297-6 

888-6 

1186-2 

807-2 

1104-50*4733 

i  -1295'  i  '6028    99 

SATURATED  STEAM:   PRESSURE    TABLE 


375 


Press. 
Ibs. 
sq.  in. 
abs. 

Temp, 
deg.  F. 

Press. 
atmos.1 

Sp.vol. 
cu.  ft. 
pei  Ib. 

Density 
Ibs.  per 
cu.  ft. 

Heat 

of  the 
liquid, 

U.TH.U. 

Latent 
beat  of 
evap. 

B.TH.U. 

Total 
beat  of 
steam, 

U.TH.U. 

Internal  energy. 

B.TH.U. 

Entropy. 

PMM. 

Ibs. 

s.|.in. 

abs. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

100 

327-8 

6*80 

4-429 

0*2258 

298-3 

888*0 

1186-3 

806*6 

1104*6 

°'4743 

1-1277 

I  '6020 

100 

101 

328-6 

6-87 

4-388 

0-2279 

299-1 

887*4 

1186-5 

806*0 

1104*8 

0-4752 

I"  1260 

1*6012   101 

102 

329*3 

6-94 

0*2300 

299-8 

886-9 

1186-7 

805-4 

1104-9 

0-4762 

1-1242 

1-6004.  102 

103 

330*0 

7*01 

4-307 

0*2322 

300-6 

886-3 

1186-9 

804*8 

1105*0 

0*4771  CIMi 

1-5996   103 

104 

3307 

7*08 

4-268 

0*2343 

30I-3 

885-8 

1187*0 

804*2 

1105-1 

0-47801  1  -1208 

1*5988  104 

105 
106 

331-4 
332-0 

7*14 
7*21 

4*230 
4*192 

0*2365 
0*2336 

302-0 
302-7 

885-2 
884-7 

1187-2 
1187-4 

803*6 
803*0 

"05*3 
1105*4 

0-47891-1191  1-5980;  105 
0*47981*11741-5972!  106 

107 

7*28 

4-155 

0-2408 

303-4 

884*1 

1187-5 

802*5 

"05*5 

0-4807 

1-1158 

1-5965   107 

108 

333-4 

735 

4*118 

0-2429 

304-1 

883-6 

1187-7 

801*9 

11057 

0-4816 

1*1141 

i*5957   108 

109 

334'i 

7*42 

4*082 

0-2450 

304-8 

883-0 

1187*9 

801*3 

1105*8 

0-4825 

1-1125 

, 

109 

110 

334-8 

7*49 

4-047 

0-2472 

305-5 

882-5 

1188-0 

8007 

1105-9 

0-4834 

1-1108 

i  "5942 

110 

111 

335*4 

7-55 

4*012 

0-2593 

306*2 

881-9 

1188*2 

800*2 

1106*0 

0-4843 

1*10921-5935 

111 

112 

336;i 

7-62 

3-978 

0-2514 

306-9 

881-4 

1188-4 

799*6 

1106-2 

0*4852  1*1076 

1*5928 

112 

113 

7-69 

3-945 

0-2535 

307-6 

880*9 

1188-5 

799"o 

1  106*3 

0*48601-1061 

i  -5921 

113 

114 

337*4 

776 

3*912 

0*2556 

308-3 

880*4 

11887 

798-5 

1106*4 

0-4869 

1-1045 

1*5914 

114 

115 

338;i 

7-83 

3*880 

0-2577 

309-0 

879*8 

1188-8 

797*9 

1106-5 

0*4877 

1-1030 

i-59<>7 

115 

116 

3-848 

0*2599 

309*6 

1189-0 

797-4 

1106*6^-4886  1-1014 

1-5900 

116 

117 

339*4 

7*96 

0*2620 

3IO"3 

878*8 

1189-1 

796*8 

1106*80*4894  1-0999  1-5893 

117 

118 

8-03 

3786 

0*2641 

311-0 

878-3 

1189-3 

796-3 

1106-90*4903  1*098411-5887 

118 

119 

340*6 

8-10 

3756 

0*2662 

311*6 

877-8 

1189-4 

795*7 

1107-0 

0*4911  1*0969 

i  "5880 

119 

120 

341  '3 

8-17 

3*726 

0*2683 

312*3 

877*2 

1189*6 

795'2 

1107-1 

0-4919 

1-0954 

•£•5873 

120 

121 

341  '9 

8-23 

3-697 

0*2705 

876*7 

1189*7 

7947 

1107-2 

0-4927 

1*0939 

1-5866 

121 

122 

342*5 

8*30 

3-668 

0-2726 

313*6 

876-2 

1189*8 

794-2 

1107-3 

o-4935 

1-0924 

1-5859   122 

123 

343-2 

8-37 

3*639 

0*2748 

8757 

1190-0 

793'6 

1107*4 

0*4943 

1-0910 

1*5853   123 

124 

343-8 

8-44 

3-611 

0*2769 

3I4-9 

875-2 

1190*1 

793*1 

1107*6 

i  -0895 

1-5846   124 

125 

344-4 

8-50 

3-583 

0-2791 

3I5-5 

8747 

1190-3 

792-6 

11077 

o-4959 

1-088011-5839   125 

126 

345  "° 

8-57 

3'556 

0*2812 

316*2 

874-2 

1190*4 

792*0 

1107-80-4967 

1-0865 

1-5832   126 

127 

345-6 

8*64 

3-53° 

0*2833 

316*8 

873*8 

1190-5 

791-5 

1107-910-4974 

1-0851 

1-5825 

127 

128 

346-2 

871 

3-504 

0*2854 

3J7"4 

873*3 

1190-7 

791-0 

1108-00-4982 

1-0837 

1-5819   128 

129 

346-8 

878 

0*2875 

318*0 

872-8 

1190-8 

790-5 

1  108-1  0-4990 

1-0823 

1-5813   129 

130 

347*4 

8*85 

SHS2 

0-2897 

318*6 

872-3 

1191*0 

790-0 

1108*20-4998 

1-0809 

i  5807   130 

131 

348-0 

8-91 

0*2918 

319-3 

871-8 

1191-1 

789-5 

1  108*3  0-5005!  i  -0796  i  -5801    131 

132 

348*5 

8-98 

3-402 

0*2939 

87I-3 

1191-2 

789-0 

1  108  *4  0*5013  i  -0782  i  -5795    132 

133 

349'* 

9-05 

0*2960 

320*5 

870-9 

1191-3 

788-5 

1108-50-5020  1*0769  1*5789   133 

134 

3497 

9-12 

3*354 

0*2981 

321-1 

870*4 

1191*5 

788-0 

1108*6 

0*5028:1*0755 

1-5783  134 

135 

350-3 

9-19 

3*33i 

0-3002 

321*7 

869-9 

1191-6 

787-5 

11087 

0-5035 

1*0742 

1-5777 

135 

136 

350-8 

9'25 

3-308 

0-3023 

322*3 

869-4 

11917 

787-0 

1108*80*5043  1*0728 

i-577i    136 

137 

351-4 

9-32 

3-285 

0-3044 

322*8 

869-0 

1191-8 

786-5 

1108*910*5050  i  '0715 

1-5765'  137 

138 

352-o 

9'39 

3-263 

0-3065 

323-4 

868-5 

1192*0 

786-0 

1109-00-50571-0702 

1-5759   138 

139 

9-46 

3-241 

0-3086 

324*0 

868-1 

1192*1 

785-5 

1109-10-5064 

1-0689 

i"5753 

139 

140 

353-1 

9-53 

3-219 

0-3107 

324*6 

867-6 

1192*2 

785*0 

1109-20-5072 

i  -0675 

1-5747 

140 

141 

353-6 

0-3129 

867-2 

1192*3 

784-6 

1109-3 

0*50791*0662 

i  "5741 

141 

142 

354'2 

9-66 

3"!75 

0-3150 

325-8 

866*7 

1192*5 

784*1 

1109-4 

0*50861*06491-5735 

142 

143 
144 

3547 
355'3 

973 
9-80 

3-154 
3-I33 

0-3171 
0*3192 

326-3 
326*9 

866*3 
865*8 

1192*6 
11927 

783*6 
783*2 

1109-5 
1109-6 

0-509311  -0637  1  -5730 
0-51001*0624  t'57-M 

143 
144 

145 

355*8 

9-87 

3"II2 

0-3213 

865-4 

1192-8 

7827 

1109-6 

0-51071  1  '0612 

1-5719!  145 

146 

9'93 

3-092 

0-3234 

328-0 

864-9 

1192*9 

782*2 

11097 

0-51141-0599 

1-5713   146 

147 

356*9 

lO'OO 

3-072 

328*6 

864-5 

1193*0 

7817 

1109*80*5121  1*0587 

1-5708   147 

148 
149 

357-4 
357-9 

10-07 

3-052 
3-033 

0-3276 
0-3297 

329*1 
3297 

864*0 
863*6 

1193*2 
II93-3 

781-3 
780-8 

iiio-oo-5i35|i*o562!i-5697    149 

1   i  atmo  (standard   atmosphere)  =  760  mms.  of    Hg  by  definition  =  29*921  ins.   of  Hg 
=  14-696  Ibs.  per  sq.  in. 


THE    TESTING   OF  MOTIVE-POWER  ENGINES 


Press, 
Ibs. 

Temp. 

Press. 

Sp.vol. 
cu.  ft* 

Density 
ii__  , 

Heat 

of  the 

Latent 
heat  of 

Total 
heat  of 

Internal  energy, 
B.TH.U. 

Entropy. 

Press. 
Ibs. 

sq.  in. 

deg.  F. 

atmos. 

per  Ib. 

IDS.  per 

liquid, 

evap. 

steam, 

sq.  in. 

abs. 

cu.  ft. 

B.TH.U, 

B.TH.U. 

B.TH.U. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

abs. 

150 

3S8-5 

IO'2I 

3-OI2 

0-3320 

330-2 

863-2 

1193-4 

780*4 

IIIO'I 

0*5142 

1  '0550 

i  -5692 

150 

151 

359  '0 

10-28 

2-993 

0-334I 

330-8 

862-7 

1193-5 

779'9 

1110*2 

0-5148 

i  '0538 

1*5686 

151 

152 

359^ 

10-34 

2*974 

0-3362 

331'4 

862*3 

1193-6 

779'4 

1110*3 

0-5I55 

i  "0525 

i  '5680 

152 

153 

360-0 

10-41 

2-956 

o-3383 

331-6 

861-8 

1193-7 

779-0 

1110*4 

0*5162 

1-0513 

i  -5675 

153 

154 

360-5 

10*48 

2*938 

0-3404 

332H 

861*4 

1193-8 

778-5 

1110-4 

0-5169 

1-0501 

i  -5670 

154 

155 

361*0 

IQ'55 

2*920 

0-3425 

332-9 

861*0 

1194*0 

778*1 

1110-5 

0-5I75 

i  "0489 

i  -5664 

155 

156 

361-6 

io-6i 

2*902 

0*3446 

333'5 

860-6 

1194-1 

777*6 

1110*6 

0*5182 

i  -0477 

1  '5659 

156 

157 

362  'i 

10-68 

2-885 

0-3467 

334'0 

860  -i 

1194-2 

777*2 

11107 

0*5188 

i  -0466 

1  -5654 

157 

158 

362-6 

1075 

2-868 

0-3488 

334-6 

8597 

1194-3 

7767 

uio'8 

0-5I95 

1*04541-5649 

158 

159 

363  "I 

10-82 

2-851 

0-3508 

335-1 

859-3 

1194-4 

776-3 

ino'8 

0*5201 

1  '0443 

1-5644 

159 

160 

363^ 

10-89 

2*834 

0-3529 

335'6 

858*8 

1194-5 

775'8 

1110*9 

0*5208 

1*0431 

1-5639 

160 

161 

364-1 

10-96 

2-818 

0-3549 

336-2 

858*4 

1194*6 

775*4 

1  1  1  1  *O 

0*5214 

i  '0420 

1'5634 

161 

162 

364-6 

II'O2 

2'80I 

0-3570 

336-7 

858*0 

1194*7 

775-o 

inn 

0-5220 

1*0409 

1*5629 

162 

163 

365  'I 

11-09 

2*785 

0-3591 

337-2 

857*6 

1194*8 

774'5 

IIII*2 

0*5226 

i  '0398 

1*5624 

163 

164 

365'6 

11-16 

2*769 

0*3612 

337'7 

857-2 

1194*9 

774*1 

IIII-2 

0-5233 

i  "0387 

1*5620 

164 

165 

366-0 

11-23 

2-753 

0-3633 

338-2 

856*8 

1195*0 

773'6 

mi"3 

0-5239 

1*0376 

1*5615 

165 

166 

366-5 

11-30 

2-737 

0-3654 

338-7 

856*4 

1195*1 

773-2 

1111-4 

0-5245 

1-0365 

1*5610 

166 

167 

367-0 

11-36 

2*721 

0-3675 

339-2 

855-9 

1195*2 

772*8 

ii  i  1*4 

0-5251 

1*03541*5605 

167 

168 

367-5 

n'43 

2*706 

0-3696 

339'7 

855-5 

1195-3 

772-4 

1111-5 

0-5257 

1-0343 

1*5600 

168 

169 

368-0 

11*50 

2*690 

0*3717 

340-2 

855'i 

1195-4 

771*9 

nii'6 

0*5263 

1-0332 

1*5595 

169 

170 

368-5 

ii"57 

2-675 

0*3738 

340-7 

8547 

H95-4 

77^5 

11117 

0-5269 

i  -0321 

1-5590 

170 

171 

368-9 

11-64 

2*660 

0-3759 

341*2 

854-3 

IJ95"5 

771*1 

in  i  "7 

0-5275 

1*0311 

1-5586 

171 

172 

369-4 

11-70 

2*645 

0*3780 

341-7 

853-9 

1195-6 

770*7 

1111*8 

0-5281 

1*0300 

i-558i 

172 

173 

369-9 

11*77 

2*631 

0*3801 

342*2 

853-5 

H957 

770-2 

iui'9 

0-5287 

i  '0289 

i  '5576 

173 

174 

370-4 

11*84 

2*616 

0*3822 

342-7 

853-I 

1195*8 

769-8 

1112*0 

0'5293 

i  '0278 

I"557I 

174 

175 

370-8 

11*91 

2  '602 

0-3843 

343-2 

8527 

"95'9 

769-4 

III2'0 

0-5299 

i  '0268 

1-5567 

175 

176 

37^3 

11*97 

2-588 

0-3864 

3437 

852-3 

1196-0 

769-0 

III2'I 

o*5305 

i  -0257 

I-5562 

176 

177 

3717 

12-04 

2-574 

0-3885 

344'  2 

85I-9 

1196*1 

768-6 

1112*2 

Q-5311 

i  '0246 

1  '5557 

177 

178 

372-2 

I2'II 

2-560 

0-3906 

344'7 

85^5 

1196*2 

768-2 

III2-3 

0-53*7 

i  "0235 

i'5552 

178 

179 

3727 

I2'l8 

2-547 

0-3927 

345-2 

851-2 

1196-3 

767-8 

1  112  "4 

0-5322 

1-0225 

i  "5547 

179 

180 

373"! 

12-25 

2-533 

0-3948 

345'6 

850-8 

1196-4 

767-4 

1112*4 

0-5328 

1-0215 

1  "5543 

180 

181 

373  '6 

12*32 

2-520 

0-3969 

346-1 

850-4 

1196-5 

767*0 

1112-5 

o-5334 

i  "0205 

I'SS39 

181 

182 

374'o 

12-38 

2-507 

0*3989 

346-6 

850-0 

1196-6 

766-6 

III2"6 

o-5339 

1-0195 

1*5534 

182 

183 

374-5 

12-45 

2-494 

0*4010 

347-1 

849-6 

11967 

766*2 

III2'6 

°'5345 

1*0185 

1-5530 

183 

184 

374-9 

12*81 

2-481 

0-4031 

347-6 

849-2 

1196-8 

765-8 

1112*7 

o-535i 

i  -0174 

I-5525 

184 

185 

375H 

12-59 

2-468 

0*4052 

348-0 

848-8 

1196*8 

765'4 

III2-8 

o-SSS6 

1*0164 

1-5520 

185 

186 

375-8 

12-66 

2H55 

0-4073 

348-5 

848-4 

1196*9 

765-0 

1112-8 

0*5362 

1-0154 

i'55l6 

186 

187 

376-3 

12-72 

2-443 

0-4094 

349'o 

848*0 

1197-0 

764-6 

1112*90-5367 

i  -0144 

J'SS11 

187 

188 

3767 

1279 

2-430 

0-4115 

349'4 

847-7 

1197-1 

764*2 

1113*00-5373 

1-0134 

1-5507 

188 

189 

377-2 

12-86 

2-418 

0-4136 

349-9 

847-3 

1197*2 

763-8 

1113*0 

0-5378 

1*0124 

1-5502 

189 

190 

377'6 

12-93 

2*406 

0-4I57 

350-4 

846-9 

1197-3 

763'4 

1113*1 

0-5384 

1*0114 

I-5498 

190 

191 

378-0 

13-00 

2-393 

0*4178 

350-8 

846*5 

Ii97"3 

763*0 

1113*2 

0-5389 

1-0105 

1-5494 

191 

192 

378-5 

13-06 

2*381 

0-4199 

35I-3 

846*1 

1197-4 

762*6 

1113-2 

o-5395 

1-0095 

I-5490 

192 

193 

378-9 

I3"i3 

2-369 

0*4220 

3517 

845-8 

U97"5 

762*2 

1113*3 

0-5400 

1*0085 

1-5485 

193 

194 

379-3 

13-20 

2-358 

0*4241 

352-2 

845-4 

1197*6 

761-8 

1113-4 

0-5405 

1*0076 

1-5481 

194 

195 

379'8 

13-27 

2-346 

0*4262 

3527 

845-0 

1197-7 

761-4 

1113-4 

0*5410 

1-0066 

I-5476 

195 

196 

380-2 

I3'34 

2-335 

0*4283 

353'1 

8447 

1197*8 

761*1 

JUS'S 

0*5416 

1-0056 

i  -5472 

196 

197 

380-6 

13*40 

2-323 

0-4304 

353'6 

844-3 

1197-8 

760-7 

1113*6 

0*5421 

1-0047 

1-5468 

197 

198 

381-0 

i3'47 

2-312 

0-4325 

354'o 

843-9 

1197*9 

760*3 

1113-6 

0-5426 

1*0038 

1-5464 

198 

199 

381-4 

!3"54 

2*301 

0-4346 

354*4 

843*6 

1198*0 

759'9 

1113*7 

Q'5431 

1*0029 

1*5460 

199 
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Press. 
Ibs. 
sq.  in 
abs. 

Temp, 
cleg.  F. 

Press, 
atmos.  ' 

Sp.vol 
cu.  ft. 
per  Ib 

Density 
Ibs.  per 
cu.  ft. 

Heat 
of  the 

liquid, 
B.TH.U 

Latent 
heat  of 
evap. 

H.TH.U. 

Total 
heat  o: 
steam, 

B.TH.U 

Internal  energy 

B.TH.U. 

Entropy. 

n,s?' 

sq.  in. 
abs. 

Evap. 

Steam 

Water 

Evap. 

Steam. 

200 

38I-9 

13-61 

2*290 

0-437 

354'9 

843*2 

1198-1 

759-5 

1113*7 

0*5437 

1*0019 

1'5456 

200 

202 

382*7 

J374 

2*269 

0*441 

355-8 

842-4 

1198-2 

758*8 

1113*9 

1*0001 

I-5448:  202 

204 

383*5 

13*88 

2*247 

0-445 

3567 

841*7 

1198-4 

758*0 

1114*0 

0'5458 

0*9982 

i-544o   204 

206 

384-4 

14-02 

2*227 

0*449 

357-5 

841-0 

II98-5 

757  ;3 

1114*1 

0-5468 

0-9964 

1  "5432 

206 

208 

385*2 

I4'I5 

2*207 

0-453 

840*3 

11987 

1114*2 

0-5478 

0-9946 

i*5424 

208 

210 

386*0 

14*29 

2*187 

0-457 

359-2 

839-6 

1198-8 

755-8 

1114*4 

0-5488 

0*9928 

1-5416 

210 

212 

386*8 

14*43 

2*167 

0*461 

360*1 

838*9 

1199-0 

755*1 

"i-VS 

0*5498 

0*9911 

1-5409 

212 

214 

387*6 

14-56 

2-148 

0-466 

360-9 

838-2 

1199-1 

754*4 

1114-6 

0-5508 

0-9893 

1-5401 

214 

216 

388-4 

1470 

2*128 

0-470 

361*8 

837*5 

1199-3 

7537 

11147 

0-9876 

1  "5394 

216 

218 

389-1 

14-83 

2*109 

0-474 

362-6 

836-8 

1199-4 

1114*8 

0-5528 

0-9858 

1-5386 

218 

220 

389-9 

14-97 

2*091 

0-478 

363-4 

836*2 

1199*6 

752-3 

1114-9 

0-5538 

0-9841 

1*5379 

220 

222 

390-7 

15*11 

2-073 

0*482 

364-2 

835*5 

1199*7 

751-6 

1115*0 

0-5548 

0*9824 

I-5372 

222 

224 

391*5 

15-24 

2*055 

0-487 

365-0 

834*8 

1199*8 

750-8 

1115*1 

0-5557 

0*9808 

I-536; 

224 

226 

392*2 

i5;38 

2*038 

0*491 

834-I 

I2OO'O 

1115-2 

0-5567 

0-9791 

226 

228 

393*o 

2*02  1 

o*495 

366*7 

833-4 

1200-  1 

749*4 

"'S'S 

0-5577 

0-9774 

1-535- 

228 

230 

393-8 

15-65 

2*004 

0*499 

367'5 

832*8 

I2OO*2 

748*8 

1115-4 

0-5586 

0-9758 

!"5344 

230 

235 

395'6 

15-99 

1*964 

0-509 

369-4 

831*1 

1200-6 

747*o 

HI57 

0*5610 

0-9717 

i;5327 

235 

240 

397  '4 

16-33 

1*924 

0*520 

371*4 

829-5 

1200-9 

745  '4 

1115*9 

0-5633 

0-9676 

240 

245 

399'3 

16*67 

1*887 

0*530 

373-3 

827-9 

1201*2 

7437 

1116*2 

o'5655 

0-9638 

I"5293 

245 

250 

401-1 

17-01 

1*850 

0-541 

375'2 

826-3 

1201*5 

742*0 

1116*4 

0*5676 

0-9600 

1*5276 

250 

260 

404-5 

17*69 

1*782 

0*561 

378-9 

823-1 

I2O2*I 

1116*9 

0-5719 

0-9525 

i  "5244 

260 

270 

4079 

18-37 

1*718 

0*582 

382*5 

820-1 

I202'6 

735-8 

1117*3 

0*5760 

0-9454 

1-5214 

270 

280 

411*2 

19-05 

1*658 

0*603 

386-0 

817-1 

I2O3*I 

7327 

11177 

0*5800 

0-9385 

1*5185 

280 

290 

414*4 

J973 

1*602 

0-624 

389-4 

8l4*2 

I203-6 

729*7 

1118*1 

0*5840 

0*9316 

I'5I56 

290 

300 

417-5 

20-41 

J'551 

0*645 

392-7 

8II-3 

I2O4*I 

726-8 

1118*5 

0*5878 

0-9251 

1*5129 

300 

310 

420*5 

21*09 

1*502 

0*666 

395*9 

808-5 

1204*5 

724-0 

1118*9 

0-59I5 

0*9187 

1*5102 

31O 

320 

423-4 

2178 

i'456 

0-687 

399'i 

805-8 

1204-9 

721*2 

1119*2 

0-9125 

1-5076 

320 

330 

426*3 

22*46 

1-413 

0708 

402*2 

803*1 

1205*3 

718*5 

1119*6 

0*5986 

0-9065 

1-5051 

330 

340 

429-1 

23-14 

1*372 

0729 

405-3 

800*4 

12057 

1119*9 

0-6020 

0*9006 

i  -5026 

340 

350 

431-9 

23-82 

!"334 

0750 

408*2 

797-8 

1206*1 

713-3 

II2O*2 

0*6053 

0*8949 

1*5002 

350 

360 

434'6 

24*50 

1*298 

0770 

411*2 

795'3 

1206-4 

710-7 

1120*5 

0-6085 

0*8894 

i  "4979 

360 

370 

137  '2 

25*18 

1*264 

0791 

414-0 

792-8 

1206-8 

708-2 

I  120-8 

0-6116 

0*8840 

1-4956 

370 

380 

439-8 

25*86 

1-231 

0-812 

416-8 

790-3 

1207*1 

705-7 

II2I'I 

0*6147 

0*8788 

J"4935 

380 

390 

26-54 

1-200 

0-833 

419-5 

787-9 

1207*4 

II2I-4 

0*6178 

0*8737 

I-49I5 

390 

400 

444*8 

27*22 

1*17 

0-86 

422 

786 

1208 

701 

1  122 

•621 

0*868 

1*489 

400 

410 

447*2 

27*90 

0-88 

425 

783 

1208 

699 

122 

•624 

0-863 

1*487 

410 

420 

449*6 

28*58 

1*11 

0*90 

427 

780 

1208 

696 

122 

•627 

0-858 

1-485 

420 

430 

29*26 

1-09 

0-92 

430 

778 

!208 

694 

122 

•629 

0-854 

1-483 

430 

440 

454^ 

29*94 

I  -06 

o-94 

433 

776 

1208 

692 

122 

•632 

0-849 

1-481 

440 

450 

456-5 

30^62 

I-04 

0-96 

435 

774 

1209 

690 

123 

•635 

0-844 

i*479 

450 

460 

458*7 

31*30 

I'OI 

0*99 

438 

771 

1209 

687 

123 

•637 

0*840 

i'477 

460 

470 

460*9 

31*98 

0*99 

"OI 

44° 

769 

1209 

685 

123 

•640 

0-835 

i'475 

470 

480 

463*1 

32*66 

0*97 

-03 

443 

767 

1209 

683 

123 

•643 

0*830 

1-473 

480 

490 

465-2 

33'34 

'05 

445 

764 

1210 

680 

124 

•645 

0*826 

1-471 

490 

500 

467*3 

34*02 

0*93 

•08 

448 

762 

I2IO 

678 

124 

•648 

0*822 

1-470 

500 

525 

472-4 

3572 

088 

t][3 

454 

756 

1210 

673 

124 

•654 

0*811 

^465 

525 

550 

477*3 

0-83 

•20 

459 

1210 

668 

125 

0-801 

1-460 

550 

575 

482-0 

39-13 

0-79 

-27 

464 

746 

1210 

663 

125 

•664 

0-792 

•456 

575 

600 

486-6 

40-83 

0*76 

469 

741 

I2IO 

658 

125 

•670 

0783 

"453 

600 

per  sq.  in. 


29*921    ins.    of  Hg 
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Temp. 

Pressure. 

p.  vol. 

Density, 

Ike       n.',- 

Heat 
of  the 

Latent 
eat  of 

Total 
eat  of 

iternal  energy. 

I!.  TH.U. 

Entropy. 

Temp. 

Fahr. 

>s.  per 
q.  in. 

nches 
fHg. 

u.  ft. 
erlb. 

IDS.  per 
cu.  ft. 

iquid, 
TH.U. 

evap. 

.TH.U. 

team, 
TH.U. 

Evap. 

Steam. 

Water. 

Evap. 

Steam. 

Fahr. 

32° 

•0886 

•1804 

294 

3-000304 

0*00 

073-4 

073-4 

019-3 

019-3 

J'OCOO 

2*1832 

2*l832 

32° 

34 

"0960 

•1955 

052 

3-000328 

2*01 

072-2 

074-2 

ioi8'o 

O2O'O 

o  "004  1 

2*1721 

2-1762 

34 

36 

•1040 

"2117 

829 

3-020353 

4-03 

071*1 

075"  * 

ioi6'6 

0207 

0-0082 

2*1611 

2-1693 

36 

38 

•1125 

•2290 

626 

3-000381 

6*04 

070*0 

076-0 

1015-3 

1021  '3 

0'0122 

2*1503 

2-1625 

38 

40 

•1217 

-2477 

438 

3-000410 

8*05 

068-9 

076-9 

1014*0 

1022*0 

0-0l62 

2*1394 

2-I5S6 

40 

42 

"I3I5 

•2677 

266 

3-000441 

10*06 

1067-8 

077*8 

IOI2'6 

10227 

O'O2O2 

2-1287 

2-1489 

42 

44 

0-1420 

•2890 

107 

0-000475 

1  2  '06 

10667 

078*7 

1011*3 

1023-4 

0*0242 

2'Il8l 

2*142^ 

44 

46 

0-1532 

0-3118 

96! 

0-000510 

14-07 

1065-6 

079*6 

lOIO'O 

1024*0 

0*0282 

2*1074 

2-1356 

46 

48 

0*1651 

o*3363 

826 

0-000548 

16-07 

1064-5 

080*5 

1008-6 

10247 

O*O32I 

2-0970 

2*1291 

48 

50 

0-1780 

0*3625 

702 

0*000587 

1  8  -08 

1063-3 

1081-4 

1007-3 

1025-4 

0-0361 

2-0865 

2-1226 

50 

52 

0-1917 

0*3903 

586 

0-000630 

20*08 

IO62  "2 

1082*3 

1006-0 

1026*1 

0-040I 

2  "0763 

2'Il6. 

52 

54 

0*2063 

0-4201 

480 

0-000676 

22-08 

1061*1 

1083-2 

1004*6 

1026*7 

0-0440 

2-0660 

2*1100 

54 

56 

0-2219 

0*4518 

381 

0-000724 

24*08 

1  060*0 

1084-1 

1003-3 

1027-4 

0-0478 

2-0559 

2*1037 

56 

58 

0*2385 

0-4856 

1291 

o  "000775 

26-08 

1058*9 

1085-0 

IOO2"O 

1028  'I 

0*0517 

2-0458 

2*0795 

58 

60 

0-2562 

0*522 

1208 

o'ooo82£ 

28-08 

1057*8 

1085-9 

IOOO-7 

10287 

0-0555 

2-0358 

2*0913 

60 

62 

0-2749 

0-560 

1130 

0-000885 

30-08 

10567 

1086-8 

999  '3 

1029-4 

0*0593 

2-0851 

62 

64 

0"  2949 

0*60  1 

1058 

o  "000946 

32-07 

1055-6 

1087-6 

998-0 

1030"! 

0*0631 

2  'Ol60 

2-079I 

64 

66 

0-3161 

0*644 

991 

0*001009 

34-07 

I054"5 

1088-5 

996-7 

1030-80-0669 

2*0062 

66 

68 

0-3386 

0*690 

928 

0*001077 

36-07 

1053-4 

1089-4 

995-4 

1031-4 

0*0/07 

1-9965 

2-0672 

68 

70 

0-3626 

0*739 

871 

0-001148 

38-06 

1052-3 

1090-3 

994-0 

I032-I 

0-0745 

1-9868 

2*0613 

70 

72 

0*3880 

0*790 

817 

0*00122.: 

40'05 

1051*2 

1091-2 

992-7 

1032*8 

0*0783 

1-9773 

2-0556 

72 

74 

0*4148 

0*845 

767 

0-00130. 

42*05 

1050*0 

1092- 

991-4 

I033-4 

0-082I 

1-9678 

2-0499 

74 

76 

0*4432 

0*903 

720 

0*001389 

44-04 

1048-9 

1093-0 

990-1 

1034*1 

0-0858 

I-9585 

2-0443 

76 

78 

f\/\ 

0-4735 

0-964 

677 

0*001477 

46*0. 

1047-8 

.  _     /••  . 

1093-9 

988-7 

1034*8 

0-0895 

I-949I 

2-0386 

78 

oy\ 

8O 
82 

0-539 

1*029 
1-098 

636" 
5987 

0-001570 

0-001670 

48-0; 

1040  7 

1045*6 

1094' 
1095*6 

987-4 
986-1 

I035  4 
1036*1 

0-0969 

I  -9398 
I  *9306 

2-0330 
2-0275 

80 
82 

84 

0-575 

1-171 

562-9 

0-00177 

52-02 

1044-5 

1096* 

984-8 

1036*8 

0-I005 

I*92I5 

2'0220 

84 

86 

0-613 

1-248 

529' 

0-00188 

54*01 

I043"4 

1097- 

1037*4 

O-IO4I 

1-9I24 

2*0165 

86 

88 

0-654 

i-33i 

O  "OO2OO 

56-01 

1042*2 

1098- 

982-1 

1038  "i 

0-I078 

1*9034 

2'OII2 

88 

90 

0*696 

1*417 

469-3 

0-002I3 

58-00 

1041*2 

1099* 

980-8 

1038-8 

0*1114 

1*8944 

2-0058 

90 

92 

0741 

i  -508 

442-2 

0-00226 

60  "oo 

1040-0 

IIOO* 

979'4 

1039-4 

0*II5I 

1*8856 

2-0007 

92 

94 

0-789 

1-605 

417-0 

0*00239 

6  1  -99 

1039-0 

iioi- 

978-1 

1040"  i 

O*Il87 

1*8767 

I  -9954 

94 

96 

0-838 

1-706 

393-4 

0-00254 

63-98 

1037* 

IIOI* 

976-8 

1040-8 

0-1223 

i  *868o 

1-9903 

96 

98 

0-891 

1*813 

371-4 

0-00269 

65*98 

1036-7 

1102- 

975-5 

1041  -4 

0*1259 

1*8592 

1-9851 

98 

100 

0-946 

1*926 

350-8 

0-00285-! 

67-97 

1035- 

1103* 

974-1 

1042*1 

0*1295 

1*8505 

1-9800 

100 

102 

1-005 

2*045 

33l-  = 

0-0030I 

69-96 

1034- 

1104* 

972-8 

1042*8 

0-I330 

i  "8420 

1-9750 

102 

104 

i  -066 

2*171 

3J3"3 

0*00319 

71-96 

!O33'^ 

II05- 

1043-4 

0-1365 

I-8335 

1-9700 

104 

106 

1-131 

2*303 

296-4 

0*00337 

73*95 

1032-^ 

1106- 

970-1 

1044-1 

0-140] 

i  -8250 

1-9651 

108 

108 

1-199 

2-443 

280-5 

0-00356 

75*95 

1031- 

1107- 

968-8 

1044*8 

0-1436 

i  -8166 

I  -9602 

108 

110 

1*271 

2*589 

265*5 

0-00376 

77  '94 

1030*0 

1108* 

967-5 

0-I47I 

i  -8082 

1-9553 

110 

112 

1*346 

2*740 

251*^ 

0-00397 

79'93 

1028* 

1108- 

966-2 

1046'! 

0*1506 

i-8ooc 

1-9506 

112 

114 

1*426 

2-904 

238-2 

0-00419 

81*93 

1027* 

1109- 

964-8 

1046-8 

0-1541 

17917 

1-9458 

114 

116 

1-509 

3-073 

225-8 

o  "00442 

83-92 

1026* 

IIIO' 

1047*4 

0*1576 

17836 

1-9412 

116 

118 

t  "597 

3-252 

214-1 

0-00467 

85-92 

1025- 

IIII* 

962*2 

1048-1 

0-1611 

1*7755 

1-9366 

118 

120 

1-689 

3-438 

203-1 

0-00492. 

87-91 

1024* 

1112- 

960-8 

1048-7 

0*1645 

1*7674 

i  "93X9 

120 

122 

1785 

3-635 

192-8 

0-00518 

89-91 

1023*^ 

I1I3- 

959*5 

1049*4 

0*1675 

1*7594 

i  -9273 

122 

124 

1-886 

3-841 

183-1 

0*00546 

91-90 

1022- 

958-2 

1050-0 

0*1713 

I'75I5 

1-9228 

124 

126 

1-992 

4-057 

173*9 

0*00575 

93-90 

IO2I" 

III5* 

956-8 

1050*7 

0*1747 

17436 

1-9183  120 

128 

2*103 

4*282 

l65'3 

0-00605 

95*89 

1019-9 

III5* 

955-5 

1051*3 

0*1781 

17358 

1*9139 

128 

The  British  Thermal  Unit  in  these  tables  is  T^  part  of  the  heat  required  to  raise  one  pound 
of  water  from  the  freezing  point  (32°  F.)  to  the  boiling  point  (212°  F.). 


SATURATED   STEAM:    TEMPERATURE    TABLE 


Temp. 
Fahr. 

Pressure. 

Sp.vol. 
cu.  ft. 
perlb. 

Density, 
bs.  per 
cu.  ft. 

Heat 
of  the 
iquid, 

.TH.U. 

..atent 
icat  of 
evap. 

.TH.U. 

Total 
heat  of 
steam, 

B.TH.U. 

nternal  energy, 

B.TH.U. 

Kntropy. 

Temp. 
Fahr. 

bs.  per 
sq.  in. 

inches 
ofHg. 

Evap. 

Steam. 

Water. 

Evap.  Steam. 

130° 

2-219 

4-52 

57-1 

3-00637 

97*89 

018-8 

IIl67 

954  -1 

1052-0 

O'i8i6 

72791-9095 

130° 

132 

2-340 

476 

49'4 

3-00669 

99*88 

0177 

IH7'5 

952-8 

10527 

0-1849 

•7202 

1-9051 

132 

134 

2-467 

5-02 

42-2 

3-00703 

101*88 

Ol6'5 

1118-4 

95^4 

1053-3 

0-1883 

7125 

1-9008 

134 

136 

2  '600 

5-29 

35'4 

3-00739 

103-88 

OI5'4 

1119-3 

95°  "J 

1054-0 

0-1917 

•7048 

i  -8965  136 

138 

2*740 

5-58 

28-9 

3-00776 

105-87 

OI4'3 

II20T 

948-8 

1054-6 

0-1950 

i  -6972  i  -8922  138 

140 

2-885 

5-88 

22-8 

0-00814 

107-87 

OI3-I 

II2I-0 

947'4 

I055'3 

0-1984 

i  -6896!  i  -8880  140 

142 

3-037 

6-18 

117*1 

0-00854 

109-87 

OI2"O 

1121*8 

946-1 

I055'9 

0*2017 

1-6821  1-8838142 

144 

3-I95 

6*51 

in-6 

0-00896 

111-87 

OIO'S 

1122*7 

944*7 

1056-6 

0-2050 

1-67461-8796 

144 

146 

3-361 

6-84 

106*5 

0-00940 

113-86 

009-7 

II23*6 

943'4 

IO57'  2  [0*2083 

i  -6672  i  -8755  146 

148 

3'533 

7-20 

roi'o 

0-00985 

115-86 

008-6 

1124*4 

942-0 

I057'9 

O"2Il6 

1-6598 

1-8714 

148 

150 

3714 

7'57 

96-9 

0-01032 

117-86 

I007-4 

1125*3 

940-7 

I058*5 

0*2149 

I'652S 

1-8674 

150 

152 

3-902 

7-95 

92*6 

0-01080 

119-86 

1006*2 

1126*1 

939*3 

1059*2 

0-2182 

1-64521-8634152 

154 

4*098 

8-34 

88*4 

0-01131 

121-86 

1005-1 

1127*0 

938-0 

1059*8 

0-2214 

1-63801-8594154 

156 

8-76 

84*5 

0-01184 

123-86 

1003-9 

II27-8 

936-6 

1060*5 

0*2247 

1-6308 

l'%SSS 

156 

158 

4-5I5 

9*20 

80*7 

0-01239 

125-86 

1002-8 

II28-6 

935-3 

1061*1 

0*2279 

1-6236 

1-8515158 

160 

4"737 

9-65 

77*2 

0-01296 

127-86 

iooi"6 

1129-5 

933*9 

1061*8 

0*2311 

1-6165 

i  -8476  160 

162 

4-967 

IO*I2 

73-8 

0-01355 

129-86 

1000-5 

1130-4 

932-6 

1062*4 

0*2344 

1-6094 

i  -8438  162 

164 

5-208 

10*61 

70*6 

0-01417 

131-86 

999-3 

II3I-2 

931*2 

1063*1 

0-2376 

1-6024 

i  -8400  164 

166 

5-460 

11*12 

67*6 

0-01480 

133-86 

998-2 

II32-O 

929*8 

1063*7 

0*2407 

1-5954 

1*8361  166 

168 

II-6S 

64-7 

0-01546 

135-86 

997-0 

II32-8 

928*4 

1064*3 

0*2439 

1-5885 

1*8324168 

170 

5-992 

I2'2O 

62*0 

0*01614 

I37-87 

995-8 

H33-7 

927*1 

1064*9 

0*2470 

1-5816 

1*8286170 

172 

6-273 

1377 

59*4 

0*01685 

139-87 

994-6 

I][34"5 

9257 

1065*6 

0*2502 

1-5747 

1*8249172 

174 
176 

6-564 
6-867 

13-37 
13-98 

56-9 

54'5 

0-01758 
0-0183^ 

141-87 
I43-87 

993-5 
992-3 

H35-3 
1136-2 

924'3 
923-0 

1066*20*2534 
1066*80*2565 

1-5679 
1-5611 

i*82i3l74 
1*8176  176 

178 

7-182 

14-62 

52-3 

0-01912 

145-88 

991-1 

1137-0 

921*6 

1067*5 

0-2597 

1-5543 

i  -8140  178 

180* 

7'5« 

15-29 

50-15 

0-01994 

147-88 

989-9 

1137-8 

920*2 

1068  *i 

0*262$ 

I-5476 

i  -8104  180 

182 
184 

7-85 

8'20 

I5-98 

48-12 
46-18 

o  "0207$ 
0-02165 

149-89 
151-89 

988-7 
987-5 

1138-6 

918*8 
917*4 

10687 
1069-3 

0*2659 
0-2690 

i  -5409  i-  8068  182 
i  "5343  i  -8033  184 

186 

8-57 

17-45 

44'34 

0-02255 

I53-89 

986-3 

1140-2 

916-0 

1069-9 

0-2721 

i  -5277  1  7998186 

188 

8-95 

lS'22 

42  '59 

0*0234$ 

I55-90 

985-1 

1141-0 

914*6 

1070*5 

0-2752 

1-5211 

1-796; 

1«» 

190 

9'34 

I9-02 

40*91 

0*02444 

I57-91 

983-9 

1141-8 

913*2 

1071*1 

0-2783 

1-5146  1-7929190 

192 

9'74 

19-83 

39'S1 

0-0254. 

982-7 

1142-6 

911*8 

1071*7 

0-2813 

1-508117894192 

194 

10-17 

20*71 

3778 

0*02647 

161*92 

981-5 

1143-4 

910*4 

1072-3 

0-2845 

1-5016  1-7861  194 

196 
198 

io"6i 
ii"o6 

21*60 

22-52 

36-32 
34*93 

0-02753 
0-02863 

163-92 
165-93 

980-3 
979-1 

1144-2 
1145-0 

909*0 
907*6 

1072-90-2876 

1-4952  1-7828  196 
i  -4888'  1  7794  198 

200 
202 

11-52 

I2'OI 

23-47 
24-45 

33^ 

0*02976 

0*03093 

167-94 
169-95 

977-8 
976-6 

1145-8 
1146*6 

906*2 
904*8 

1074-10-2937 
1074-70-2967 

1-482417761200 
i  -4760!  1  7727  202 

204   12*51 

25*48 

31*12 

0*032  1  <: 

171-96 

975-4 

H47-3 

903-3 

IO75"3'o-2997 

1-4697  17694  §04 

206 
208 

r3"57 

26-53 

27-63 

29  *9_ 
28*8 

0-03335 
0-03466 

i73'97 

974-1 
972-9 

1148-1 
1148*9 

901-9 
900-4 

1075-90-3027 
1076-40-3057 

i  -4635;  i  -7662  206 
1-4572  17629208 

210 
212 

14-13 
14-70 

28*76 
29*92 

27*80 
26*75 

0-03597 
0*03732 

177-99 
180-00 

971-6 
970-4 

1149-6 
1150*4 

899*0 
897*6 

1076-90-3087 
1077-50*3118 

1-4510 
1*4447 

17597(210 
i7565212 

214 

15-29 

*  -04 

25*82 

0*03873 

182-0 

969-1 

1151-1 

896*1 

1078*10*3148 

1-4385 

17533214 

216 

•083 

24-85 

0*04018 

184*0 

967-8 

1151-8 

894-6 

1078*60*317: 

1-4323 

I750I  216 

218 

16-54 

'12 

24*00 

0*04167 

186*1 

966-5 

1152-6 

893-2 

1079*20*3208 

1-4261 

1-7469218 

220 
222 

224 

17*19 
17*87 
18-56 

*    -I7C 
*2l6 

•26 

23*1 

22  *3^ 

21*5 

0*04320 
0*04477 
0*04640 

188*1 
190*1 
192*1 

965-2 

963-9 

962-6 

II53-3 
1154-0 
1154-8 

891*7 
890*2 
888*7 

1079*70*3238 
1080*20-3267 
1080-80-3297 

1-4195 

i-4i39 
1-4081 

17437220 
i-74o6222 
1-7378224 

22619-27       -31 

20-800-04807   194*1 

961-3  1155-5 

887*2   1081-^0-3326 

i  -4023  1  7349  220 

228  20-01 

•362 

20-08  0-04979  196*2 

960-0 

1156-2 

885-8   1081-90-335 

1-39641-7319228 

In  standard  atmospheres. 


380      THE    TESTING   OF  MOTIVE-POWER  ENGINES 


MOLLIER'S  TABLE  FOR  SATURATED  ANHYDROUS  AMMONIA  (NH3).- 


-  Temperature. 

Volume 
of  i  Ib. 
saturated 
vapour, 
cub.  ft. 

Vapour 
pressure, 
Ibs.  sq.  in. 
absolute. 

Heat  in 
liquid 
from  32°  F., 
B.Th.U.  per 
pound. 

Latent 
heat, 
B.Th.U. 
per  pound. 

Entropy. 

°C. 

°F. 

Liquid. 

Liquid  and 
vapour. 

-40 

-40 

25'63 

IQ-24 

-60-05 

6oo-o 

—  0-I32 

•293 

-35 

—  31 

20T2 

I3-32 

-53'06 

597-2 

—  O'll6 

•274 

-3o 

—  22 

I5'97 

16-92 

-45-92 

595"1 

-0-099 

•258 

-25 

-13 

I2-78 

21-47 

-38-65 

593'Q 

-0-083 

•242 

—  20 

-  4 

IO-32 

27-00 

-31-21 

590-0 

-0-066 

•224 

-i5 

+  5 

8-49 

3370 

-23-63 

586-8 

—  o-o5 

•208 

—  10 

H 

6-89 

41-52 

-l5-89 

581-0 

-0-033 

•I9I 

-  5 

23 

570 

50-91 

-    8-03 

576-o 

—0-017 

•174 

0 

32 

474 

6l'86 

o-oo 

571-0 

O'O 

•159 

+  5 

4i 

3'97 

74-5I 

8-17 

562-5 

0-017 

•137 

10 

5o 

3-36 

89-16 

16-51 

555-5 

0-033 

•121 

15 

59 

2-85 

IQ5'94 

24-97 

550-0 

0-050 

•108 

20 

68 

2-44 

125-0 

35-59 

54i-o 

0-066 

•089 

25 

77 

2-10 

146-91 

42-35 

53i-o 

0-083 

•071 

30 

35 

86 
95 

1-81 
i-57 

170-78 
197-8 

51-28 
60-34 

523-0 

512-5 

0-099 

0-116 

•055 
•038 

40 

104 

1-36 

227-66 

69-55 

5oi-5 

0-132 

•020 

Volume  of  liquid  ammonia  =  0*0257  cub.  ft.  per  Ib. 


MOLLIER'S  TABLE  FOE  SATURATED  CARBON  DIOXIDE 


Temperature. 

Volume  of 

Volume 
of  i  Ib. 

Vapour 

Heat  in 
liquid 

Latent 
heat, 

Entropy. 

°C. 

°F. 

i  Ib.  liquid, 
cub.  ft. 

saturated 
vapour, 
cub.  It. 

Ibs.  sq.  in 
absolute. 

from  32°  F., 
B.Th.U. 
per  pound. 

B.Th.U. 

per 
pound. 

Liquid. 

Liquid  and 
vapour. 

-30 

—  22 

0*0156 

0-433 

213 

-24-8 

126*7 

-0*053 

0-235 

-25 

-'3 

0-0157 

0-367 

248-5 

-2I'I 

I23-3 

-0*045 

0-230 

—  20 

-  4 

0-016 

0-313 

288-2 

-17*2 

II9-4 

-0*036 

0-225 

-15 

5 

0*0164 

0-268 

334 

-13*2 

II5-3 

—  0*028 

0-220 

—  IO 

H 

0-0167 

0-230 

385 

-  9*0 

no'7 

—  O*OI9 

0-214 

-  5 

23 

0*0172 

0-196 

440 

-  4*6 

105-5 

—  0*010 

O'2O8 

o 

32 

0-0177 

0-167 

503 

0*0 

99-8 

0*0 

0-203 

+  5 

4i 

0-0181 

0-143 

572 

4-9 

93-4 

O'OIO 

0-I96 

10 

5o 

0-0188 

0*120 

"    650 

10*3 

85-9 

0-021 

0-I89 

15 

0*0197 

0*101 

734 

16*2 

77-4 

0-032 

0-181 

20 

68 

0*021 

0-0833 

826 

23-1 

66-5 

0-045 

0-171 

25 
30 

ii 

O-O228 
0-0268 

0*0673 

0-0481 

929 
1040 

3r6 
45-5 

51-8 
27-0 

0-06  1 
0-087 

0-158 
0-136 

31-3* 

88-4 

0*0353 

0-0352 

1072 

59-4 

O'O 

o-Yi2 

Critical  point  of  carbon  dioxide. 


TABLES  -FOR  SA  TUKA  TED  SULPHUR  DIOXIDE,  ETC.    38 1 


LEDOUX'S  TABLE  FOR  SATURATED  SULPHUR  DIOXIDE  (SO3).' 


Temperature. 

Volume 
of  i  Ib. 

Vapour 
prcssuref 

Heat  in 
liquid 

f                   n  T-» 

Latent 
heat, 

Entropy. 

°C. 

°F. 

saturated 
vapour, 
cub.  ft. 

Ibs.  sq.  in. 
absolute. 

from  32°  F., 
B.Th.U.  per 
pound. 

B.Th.U. 
per  pound. 

Liquid. 

Liquid  and 
vapour. 

-30 

—  22 

I3'I7 

5'55 

-I9-55 

177-0 

—  0*042 

0-361 

-25 

-13 

10-27 

7-25 

-16-31 

I74-9 

-0-035 

0*356 

—  20 

-  4 

8'12 

9*3° 

-I3-05 

172-9 

-0-028 

0*351 

-15 

5 

6-50 

1  1  '80 

-    9'79 

I70-8 

—  0-020 

0*347 

—  IO 

H 

5'25 

1479 

-  6-53 

168-8 

—  0*014 

0-343 

-  5 

23 

4-29 

18-54 

-  3-26 

166-6 

—  0-007 

0-338 

o 

32 

3'54 

22-47 

O'OO 

164-5 

o-o 

0-334 

5 

4i 

2'93 

27-45 

3-27 

162-4 

0-007 

0*330 

10 

So 

2'45 

33'28 

6*55 

1  60-  2 

0-013 

0-327 

15 

59 

2-07 

39-96 

9-«3 

I58-I 

O-OI9 

0*323 

20 

68 

i'7S 

47-64 

13-10 

155-9 

0-026 

0*321 

25 

77 

1-49 

56'3i 

16-38 

1537 

0*032 

0-318 

30 

86 

1-27 

66-41 

19-69 

I5I-5 

0*038 

0*315 

35 

95 

1-09 

77-64 

22-99 

I49'3 

0*044 

0-3I2 

40 

104 

0-91 

90-30 

26-28 

147-0 

0*050 

0*3IO 

Volume  of  liquid  sulphur  dioxide  =  O'oii2  cub.  ft.  per  Ib. 

1  Based  upon  the  tables  given  in  The  Linde  British  Refrigeration  Company's 
book  of  instructions.  Although  the  values  in  these  tables  are  given  to  three  or  four 
significant  figures,  this  degree  of  accuracy  cannot  be  guaranteed,  since  in  some  cases 
the  values  recommended  by  various  authorities  show  quite  appreciable  discrepancies. 


PROPERTIES  OF  SALT  SOLUTIONS. l 
Weight  of  Anhydrous  Salt  to  saturate  lo  Ibs.  Water. 


Temperature. 

NaCl,  Ibs. 

CaCl2i  Ibs. 

MgCl2>  Ibs. 

°C. 

°F. 

20 

68 

3'6 

7'4 

5-70 

10 

5o 

3-57 

6-0 

5-65 

0 

32 

3-55 

5'o 

5*60 

-  5 

23 

3*45 

4'5 

5-50 

—  10 

H 

3-35 

4'2 

5-40 

-i5 

5 

3-27 

3-8 

5'35 

—  20 

-4 

3'i8 

3'6 

5-30 

1 

1  "Modern  Refrigerating  Machinery,"  Professor  Hans  Lorenz. 
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Salt 
contents 
in  pounds 

Specific  gravity  at  59-64°  F. 

Specific  heat. 

Freezing  point, 

periolbs. 
water. 

NaCl. 

CaCl2. 

MgCl2. 

NaCl. 

CaCl2. 

MgCl2. 

NaCl. 

CaCl2. 

O 

'O 

I'O 

•Q 

I'O 

I'O 

I'O 

32 

32 

°'5 

•035 

I'04I 

•042 

o'945 

0-966 

0*922 

25-2 

27-5 

I'O 

•071 

I  -08$ 

•086 

0-916 

0-878 

0-844 

i8"7 

22-0 

»*5 

•109 

I-I3I 

•I3I 

0-874 

0-817 

0*766 

I2'2 

I4-8 

2'0 

•I48 

1-179 

•I78 

0-832 

0754 

0-688 

6-0 

5'4 

2'5 

•I90 

I-23I 

•227 

0-790 

0-700 

o'6io 

O'2 

-7-8 

1  "  Modern  Refrigerating  Machinery,"  Professor  Plans  Lorenz. 
GLAISHER'S  FACTORS  FOR  WET  AND  DRY  BULB  HYGROMETER. 

{Front  Ganofs  "Physics.") 


Dry  bulb, 
temperature  °  F. 

Factor. 

Dry  bulb, 
temperature  °  F. 

Factor. 

Below  24° 

8-5 

34  to  35° 

2-8 

24  to  25 

6-9 

35 

40 

2'5 

25 

26 

6-5 

40 

45 

2'2 

26 

27 

6-1 

45 

5o 

2'I 

27 

28 

5'6 

50 

55 

2'0 

28 

29 

5*1 

55 

60 

*9 

29 

3° 

4-6 

60 

65 

*8 

30 

3i 

4'i 

65 

70 

•8 

31 

32 

37 

70 

75 

7 

32 

33 

3'3 

75 

80 

7 

33 

34 

3-0 

80 

85 

•6 

DENSITY,  SPECIFIC  HEAT,  AND  LINEAR  COEFFICIENT  OF  EXPANSION. 


Material. 

Density, 
Ibs.  per  cubic 
foot. 

Specific  heat. 

Approximate 
linear  coefficient 
of  expansion 
per  degree  Fahr. 

Aluminium  (cast) 

162 
"'.O'? 

0-212 
O'OQ4 

0-OOOOII3 
O-OOOOIO4 

Copper       
Iron  (cast)  
Iron  (wrought) 
Lead     

550 
470 
580 
7IO 

0-095 
0-13 

o-ii 

O'OII 

O'OOOOI 

o'ooooo6 
0-0000074 

0*000016 

Platinum    
Silver    

1340 

fcc 

0-033 

0*0^6 

0*000005 

O'OOOOI  I 

Tin        

4.C2 

O'OZZ 

0*000012 

Zinc      

44  c 

O"OQ4 

0*000016 

Glass     .... 

180 

O'lQ 

0*000005 

Ice  at  32°  F  
Mercury  at  32°  F.       .      . 

57'5 
849 

0-504 
0-033 

0*000029 
0-000034 

NOTE. — The  cubical  coefficient  of  expansion  is  approximately  three  times  the 
linear  coefficient. 


THERMAL   CONDUCTIVITY,  ETC. 
THERMAL  CONDUCTIVITY. 


Material. 


Conductivity. 

B.Th.U.  through  i  sq.  ft. 

area,  i  inch  thick,  in  i 

minute,  per  degn 

difference  of  temperature. 


Authority. 


Steel  (hard) 3*0  Kohlrausch. 

„     (mild) 5*35 

„         „      (about  140°  F.)       .  5*8  Callendar  and  Nicolson. 

,,     (plate) 4-75  +  0*53  Bryant. 

,,         ,,         4*6    it  0*29 

Cast  iron  (about  140°  F.)     .      .  5*3  Callendar  and  Nicolson. 

Iron  at  32°  F 10*0  to  7*5  Forbes. 

„      212°  F 7*6  to  6-25                     „ 

„      527°  F 6*0  to  4*95  c    „ 

Iron 10*2  —  0*015^  Angstrom. 

Copper 53*7  Neumann 

„            24-2  +  7*25  Bryant. 

Brass 14*6  Neumann. 

„ 7*25  Weber. 

Zinc 14-8  Neumann. 

German  silver       ....  5*3                             ,, 

Glass 0-069  to  0*086  Meyer. 

Firebrick 0*085  Neumann. 

Ice  (at  14°  F.) 0*105                 i     Forbes. 

Mercury 0*84 

Water  (48°  F.  to  59°  F.)      .      .  0*067  Weber. 

Glycerine  (48°  F.  to  59°  F.)      .  0*033                        ,, 

Air  (at  45°  F.) 0*0025  Winkelmann. 

Carbon  dioxide  (at  45°  F.)  .      .  0*0013                               ,, 

j I 

BOILING-POINT  TEMPERATURES  AT  NORMAL  ATMOSPHERIC  PRESSURE. 
BOILING  POINT  °  F. 

Water 212 

Oil  of  Turpentine 319 

Aniline 363 

Naphthalene 424*5 

Sulphur 832 

SPECIFIC  HEAT  OF  GASES  AT  CONSTANT  PRESSURE. 

WIEDEMANN'S  VALUES. - 
Specific  heat  at  constant  pressure  =  C/. 

o°  C.  or  32°  F.    100°  C.  or  212°  F.   200°  C.  or  392°  F. 

Air o* 

Hydrogen 3* 

Carbon  monoxide   ....  o* 

Carbon  dioxide       ....  0*1952  0*2169  0*2387 

Nitrous  oxide 0*1983  0*2212  0*2442 

Ammonia 0*5009  O'53I7  0*5629 

Ethylene 0-3364  0*4189 


1  Haber's  "  Thermodynamics  of  Technical  Gas- Reactions,"  p.  218. 
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SPECIFIC  HEAT  OF  CARBON  DIOXIDE  AT  CONSTANT  PRESSURE  =  C/.1 


0  C. 

o  F. 

Regnault. 

Wiedemann. 

Mallard  and 
Le  Chatelier. 

Langen. 

Holborn  and 
Austin. 

o 

32 

0-1870 

0-1952 

0-188 

0-198 

0-2028 

100 

212 

0-2145 

0*2169 

0*214 

0-210 

O'2l6l 

200 

392 

0-2396 

0-2387 

0-239 

O'222 

0-2285 

400 

752 

— 

— 

0-284 

0-245 

0-2502 

600 

III2 

— 

— 

0-323 

0-269 

0-2678 

800 

1472 

— 

— 

Q'355 

O-292 

0-2815 

1  The  mean  specific  heat  at  constant  pressure  between  o°  C.  and  /°  C.  (C/(o  to  /)) 
for  Holborn  and  Austin's  results  can  be  expressed  by — 

Cp(o  to  /)  =  0-2028  +  o-oooo692/  —  0*0000000 167/2 

According  to  Holborn  and    Henning,   the  mean  specific  heat  of  water  vapour  at 
atmospheric  pressure  between  lio°  C.  and  t°  C. — 

C/(no°  C.  to  t°  C.)  =  0*446(1  +  0*000096^) 
Haber's  "Thermodynamics  of  Technical  Gas- Reactions,"  pp.  221,  222. 


\~j&  \./>    1 

VALUES  OF  7  =  -r  OR  -jf. 


Gas. 

Dulong. 

Masson. 

Wullner. 

o°C. 

100°  C. 

Air           .                       . 

1*405 
1*402 

I  '394 
1*410 
1-326 
1*331 

1*228 

•405 
•405 
•405 
•405 
•413 
•277 
•270 

•304 
•260 

'394 
1*319 

1*248 

I'4053 

I*4032 

I-3II3 
I*3I06 
I*3I72 
1-2455 

I*405I 

1*3970 
1-2843 

1-2745 
I-279I 
1-1889 

Oxvs'en 

Hydrogen      
Carbon  monoxide     . 
Carbon  dioxide  .... 
Nitrous  oxide      .... 
Ammonia       

Marsh  gas      
Sulphur  dioxide  .... 

1  Haber's  "  Thermodynamics  of  Technical  Gas-Reactions,"  p.  239. 


FIG.   38. — Indicator  diagram  from  gas  engine  by  Hopkinson  flashlight 
indicator. 


FIG.  83. — General  view  of  Reynolds-Froude  hydraulic  brake  with  cover 
removed. 

[To  face  page  384. 


INDEX 


ABSORBENTS  for  analysis  of  flue  gases, 

194 

Acceleration,  measurement  of,  122 
Accelerometer,  uses  of,  123 

,,  Wimperis,  122 

Adiabatic  changes,  II,  13 

,,         compression  line  for  air,  325 
Air  in  barometer,  37 

„      condensers,  effect  of,  227,  234 

,,  ,,          calculation   of  partial 

pressure,  228 

,,  ,,  calculation  from  indi- 

cator diagram,  231 
leakage  of,  227 
,,  ,,  ratio  of  air  to  steam, 

228,  232 
Air  compressor,  purpose  of  ordinary  tests, 

3.23 

,,  ,,  variable  conditions  of 

operation,  323 

,,  ,,  apparent  volumetric 

efficiency,  324,  335 

,,  ,,  actual  volumetric  effi- 

ciency, 331,  335 

,,  ,,          indicator  diagrams,  324 

,,  ,,          combined  diagrams,  324 

,,  ,,  determination  of  law  of 

compression,  326 

,,  ,,  measurement  of  clearance 

volume,  326,  327 

,,  ,,  measurement  of  air  de- 

livery in  calibrated 
cylinders,  328 

,,  ,,  measurement  of  air  dis- 

charge by  cooler,  330 

,,  ,,  measurement  of  air  dis- 

charge by  orifice,  331 

,,  ,,          theoretical  work  required 

in,  331 
Air  compressors  and  motors,  mechanical 

efficiency  of,  323,  335 
Air  compressor  test,  results  and  calcula- 
tions, 334 

„  ,,     heat  balance,  335 

,,         .        ,,     air  indicated  horse- 
power, 335 


Air  compressor  test,  theoretical  air  indi- 
cated horse- power,  336 
Air  compression  efficiency,  333 
Air  excess  per  pound  fuel,  206 

,,         heat   carried    away   by,    207, 

216 
,,         in  products  of  combustion  of 

gas,  267 
Air  heaters,  212 
Air  in  feed  water,  227 
Air  indicator,  Weighton's,  230 
Air  motors,  variable  conditions  in,  323 

,,  measurement  of  air  used,  333 

Air  pumps  for  condensers,  129,  219 
Air  pump  capacity,  influence  on  vacuum, 

228 

Air  supplied  per  pound  fuel,  206,  216 
Air  supply,   theoretically   required    per 

pound  fuel,  206 
Air  supply  to  internal  combustion  engines, 

measurement  of,  by  anemometer,  260 
Air  supply  to  internal  combustion  engines, 

measurement  of,  by  holder,  253 
Air  supply  to  internal  combustion  engines, 

measurement  of,  by  meter,  258,  263 
Air  supply  to  internal  combustion  engines, 

measurement  of,  by  orifice,  261,  262 
Air  supply  to  internal  combustion  engines, 

calculation  from  analysis,  263 
Air  supply,  volume  theoretically  required 
for  complete  combustion  of 
gas,  266 

„         moisture  in,  268 
Air  velocity,  measurement  of,  by  anemo- 
meter, 260,  338 
,,  measurement  of,  by  nozzle, 

345 
,,  measurement  of,  by  orifice, 

343 
,,  measurement    of,   by   Pilot 

tubes,  339,  340,  342 
, ,  rough  method  of  estimating, 

345 
„  estimation  of  mean  square, 


discharged  by  fan,  341 


Air  volume 

Air,   weight  of  flow  through  orifice   or 
nozzle,  343,  344,  345 

2  C 
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INDEX 


Ammonia,  recovery  of,  in  gas  producers, 

284 
,,         saturated    anhydrous,    table, 

38o 

Analysis  of  flue  gases,  194 
fuel,  292 

producer  gas,  294 
Anemometer,  Biram's,  339 

calibration  of,  339 
errors  of,  339 
measurement    of    flow    of 

gas,  262 

Aqueous  vapour  in  atmosphere,  76 
Ashes  and  clinker,  sampling  and  estima- 
tion of  carbon  in,  192 
Ash  in  coal,  202 
Ash  in  fuel,  estimation  of,  293 
Atomic  weights,  204,  289 
Averages,  method  of  calculating,  4 


B 


BAROMETER,  mercury  column,  36 

,,  air  and  water  vapour  in,  37 

Beds  and  foundations  for  engine  testing, 

133 

Black  body,  definition  of,  237 

„         ,,       heat  radiation  from,  237 
Boiler  economics,  213 
Boiler  heating  surface,  calculation  of,  200 
Boiler  performance,  locomotive  tests  at 

Louisiana  Exposition,  117 
Boiler  tests,  calculation  of  water  in  boiler 

drums,  175 

,,         ,,     duration  of,  180 
,,         ,,     heat  account,  216,  218 
,,         ,,     heat    transmission    by    con- 
vection, 238,  239 
,,         ,,     methods     of    starting     and 

stopping,  174 
,,         ,,     notes  on  filling  in  standard 

forms,  199-212 

,,         ,,     objects  of  making,  173 
,,         ,,     observation    and     recording 

sheets,  197,  198 
,,         ,,     principal    measurements   in, 

173 

, ,         , ,     standard  forms  for  tabulation, 

213-218 

,,         ,,     variable  conditions  in,  173 
Boiling-point   temperatures  for   thermo- 
meter corrections,  table,  383 
Boiling-point    temperatures,    tables    for 

water,  372 
Boyle's  law,  10 
Brake  horse-power,  32,  78,  8 1,  83,  84,  91, 

96,  124 
,,  ,,  of  motor   engine   on 

road,  124 
Brake,  Alden  fluid  friction,  86,  in,  356 


Brake,  Appold's  compensating  band,  83 
band,  83 
eddy  current,  88 
fan,  88 

fluid  friction,  89 
hydraulic,  91,  95 
Reynolds- Froude  hydraulic,  91 
Prony,8i 
rope,  79 

,,     checking  of  oscillations,  80 
,,     principle  of,  78 
,,     treatment  of,  80 
webbing  or  flexible  band,  80 
wheel,  rim  area,  88 

,,     water     cooling     arrange- 
ment, 79,  81 
Brakes,  lubrication  of,  82,  83,  86 
Brakes   for   water   turbines  and  motors, 

352 
Brine  flow  in  refrigerator,  measurement 

of,  313 
British  thermal  unit  of  heat,  7,  373,  378 


C ALLEN  DAR    platinum    resistance    ther- 
mometer, 69 

Callendar  platinum   resistance    thermo- 
meter, compensating  leads,  71 
Calorific  value  of  fuel,  192,  297,  299 

,,          ,,     of  gas,  determination  of, 

3°4,  306 

,,          ,,      of  gases,  288 
,,          ,,     of  oil,  determination   of, 

303 

Calorimeter,  condensing,  185 

,,  collection  of  sample  of  steam 

for,  189 
, ,          Carpenter's  separating  steam, 

,,          electrically    heated     steam, 

190 

,,  wire-drawing  steam,  188 

Calorimeter  for  exhaust  gases,  273 
Calorimeters,  fuel,  errors  in,  303 
Calorimeter,  Mahler-Donkin  bomb,  297 
„  Gray's,  302 

,,  Lewis  Thompson  type,  303 

,,  Rosenhain's,  300 

,,  Junker  gas,  304 

Carbon,  calorific  value  of,  202 
Carbon  dioxide  recorders,  196 

,,  „       saturated,  table  of  proper- 

ties, 380 

„  „       table  of  specific  heat,  384 

Carnot  cycle,  15 

„  ,,     reversibility  of,  16 

,,  ,,     efficiency  of,  16 

Centrifugal  pumps.     See  PUMPS 
Chimney,  expanding,  efficiency  of,  348 


INDEX 
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Clausius  or  Rankine  cycle,  17 
Clearance    surface    in    engine   cylinder, 

action  of,  163 
Clearance  volume,  measurement  of,  326, 

327 
Coal,  collection  of  sample,  181 

,,     consumption       on        locomotive, 

measurement  of,  107,  116 
„     on  fire  grate,  calculation  of,  179 
„          „        „      density  of,  180 
,,      gas,  constitution  of,  266 
„      in  boiler  test,  weighing  of,  181 
Coefficient   of  discharge   of    air,   sharp- 
edged  orifice,  262,  344 
,,  of  discharge  of  water,  sharp- 

edged  orifice,  224 
,,  of  discharge  of  water,  cock 

or  valve,  225 

,,  of  expansion,  table  of,  382 

,,  of  performance  of  refrigerator, 

319,  321,  322 

,,  of  performance  of  refrigerator 

cycle,  24,  26,  27,321,  322 

Combustion,  character  of,  in  locomotives, 

109 
„  heat    loss    by    incomplete, 

208 

,,          heat  carried   away  by  pro- 
ducts of,  208 
,,  shrinkage  of  volume  due  to, 

268 
,,  water   vapour    formed    by, 

266,  272 
Compression,    determination  of  law  of, 

326 

„  ratio  of,  247 

,,  ratio  of,  arrangements  for 

altering,  247 
Compressor    for   refrigerator,    indicated 

horse-power  of,  318,  321,  322 
Compressors.     See  AIR  COMPRESSORS 
Condensation,  factors  affecting  rate  of, 

226 

Condensation  of  steam  on  cast-iron  sur- 
face, rate  of,  167,  242 
,,  of  steam  in  cylinder,  163, 

165,  167 

Condensers  and  air  pumps,  219 
Condenser  calculations,  131,  221 
Condensers,  jet  and  ejector,  measurement 

of  steam  consumption  by,  130 
Condenser,  high-speed,    surface,  results 

of  tests  on,  234 
,,          power  of  circulating  and  air 

pumps,  226 

„  relation  between  steam  and 
tube  temperatures,  240, 
241 

„  for  steam  engines,  128,  130 

,,  surface,  jet,  barometric,  ex- 

haust ejector,  219 


Condenser  surface,    results  of  two  tests, 

233,  234 
,,          test   for  leakage  in  surface, 

129,  221 

„          test,  purpose  of,  220 
„  ,,     quality  of  steam,  220 

,,  ,,     variable  conditions  in, 

220,  232 

Condensing  or  circulating  water,  measure- 
ment of,  222 
Conditions  of  a  test,  independent  and 

dependent,  2 

Conduction  of  heat,  237,  243 
Conductivity,  thermal,  table  of,  383 
Counter,   revolution,  for  steam  engines, 

128 

Counters,  revolution  and  explosion,  248 
Convection  of  heat,  laws  of,  238 
Conversion  tables,  368 
Critical  velocity  of  fluid  flowing  through 

tubes,  236,  238 
Cut-off,  best,  in  any  cylinder  after  high 

pressure,  163 

Cylinder  condensation,  163,  165,  167 
„        wall  temperatures,  72,  128,  163 


I) 


DASH  POT  on  brake,  87,  94 
Density,  table,  382 

„        of  air,  calculation  of,  10,  228, 

268 

,,        of  gases,  269 
Dew-point,  77 
Diesel  cycle,  23,  254 

„      engine,  oil  consumption  of,  256, 257 
„  „      results  of  tests,  255,  256 

Discharge  coefficient  of  cock  or  valve, 

225 

,,          coefficient  of  sharp-edged  cir- 
cular orifice,  224 
„          of  water  from  tank,  time  of, 

225 
Draught  gauges,  190,  191 

„        measurement  of,  109,  190 
Draw-bar  pull  of  locomotive,  measure- 
ment of,  109,  114 
,,         pull  of  locomotive,  recording 

of,  115 
Dryness  fraction  of  steam,  8,  184,  185, 

1 88,  189 
„         fraction      of     steam,    different 

methods  of  measuring,  184 
„        fraction  of  steam,  salt  test,  185 
Dynamo,  as  a  dynamometer  or  brake,  95 
Dynamometer,  absorption,  78 

„  belt  transmission,  Tatham, 

96 

„  cars,  109 

,,  horse-power,  120 
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INDEX 


Dynamometer,  levers  for  locomotive  test- 
ing plant,  114 

„  for   locomotive    (Pennsyl- 

vania Railroad  Co.),  1 1 1 
,,  for     locomotive    (Purdue 

University),  no 
,,  for  motor-car,  121 

,,  spring  transmission,  97 

,,  transmission,  78,  95 


ECONOMISER  calculations  for  test,  209 
,,  high  speed,  239 

,,  standard  forms  for  tabula- 

tion, 217,  218 
Efficiency,  maximum,  5 
Efficiency  ratio    for    steam    engine    or 

turbine,  141,  145 
Electrical  horse-power,  95 
Emissivity,  definition,  164 

,,          of  a  surface,  164 
Energy,  loss  of,  in  circulating  water,  226, 

236 

Engine,  steam,  for  laboratory,  128 
Engine  tests,  steam,  calculations  relating 

to,  136-142 

Engine  or  turbine  test,  steam,  arrange- 
ment of  plant,  126 
Engine  or  turbine  test,  steam,  constant 

conditions  in,  126 
Engine  or  turbine  test,  steam,  standard 

forms  for  tabulation,  142-145 
Engine  or  turbine  test,  steam,  variable 

conditions  of,  125 
Entropy,  12 

„        changes    during    heating    and 
evaporation  of  water,  14 
Errors,  instrumental  and  personal,  2 
Evaporation  factor,  209 
Exhaust  gases,  analysis  of,  263 

,,         ,,       collection  of  sample,  263 

,,         ,,       collection  of  sample  from 

scavenging  engine,  264 

,,         ,,       collection  of  true  sample 

with  cut-out  governing, 

263,  264 

Exhaust  steam,  measurement  of  wetness 

by  electrical  current,  190 
Expansion  or  compression,  laws  of,  257, 

326 

Expansion,  linear  coefficient  of,  table,  382 
Expansions,  number  of,  31 

„  number    of,     influence    on 

steam  consumption,  146, 

154,  155 

,,  number     of,    influence    on 

indicated  steam   and  on 
missing    quantity,     154, 

155.  156 


Experimental  testing,  purpose  of,  I    . 
Experiments,  methods  in  making,  2 
Explosion  recorder,  arrangement  of,  54 
,,  „         Mathot,  52 


FANS  and  blowers,  air  horse-power,  347 
,,          ,,          efficiency  of  expanding 

chimney,  348 
,,          ,,          equivalent  orifice  and 

ouverture,  350 

,,  „          gain     of     head    per 

pound  air,  347,  349 

,,  ,,          manometric  efficiency 

and     coefficient     of 

delivery,  350 

,,          ,,          mechanical  efficiency, 

346 

,,          ,,          measurement    of    air 
velocity  and  volume 
of  discharge,  338 
,,          ,,          measurement  of  static 

pressure,  338 
,,          ,,          pressure       efficiency, 

350 
,,          ,,          purpose   of    ordinary 

tests,  337 

,,          ,,          results     of     tests    at 
constant  speed,  350 
,,          ,,          some  laws  of,  337 
,,          ,,          variable  conditions  of 

tests,  337,  346 
,,          ,,          variation  of   external 

resistance,  346 
Feed  heaters,  212 
,,     pumps,  213 
,,     water  in  boiler  test,  measurement 

of,  182 
Feed  water  in  boiler  test,    measurement 

of  temperatures,  184 
Feed   water   in   boiler   test,  precautions 

against  leakage,  182 
Feed  water  in  boiler  test,  plotting  results, 

!75 

Feed  water  in  locomotive  test,  measure- 
ment of,  108,  116 
Fires,    cleaning   of,    in  boiler  test,   177, 

179,  1 80 
Flue  gases,  analysis  of,  194 

,,         ,,       calculation   of  weight    per 

pound  fuel,  205 

,,         ,,       collection  of  sample,  192 
,,         ,,       excess  air  in,  206 
,,         ,,       measurement    of    tempera- 
ture 191 
Forms,  standard,  for  tabulation  of  boiler 

tests,  213-218 

„  „         for  tabulation  of  engine 

tests,  142-145 
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Foundation  plans  for  laboratory  plant, 

135 

Foundations  and  test  beds,  133 
Foundations  for  laboratory  engines,  133, 

*35 
Frictional  and  air   resistance  of  trains, 

etc.,  measurement  of,  109,  123,  124 
Fuel,  analysis  of,  292 

,,     calorific  value  of,  192,  2OI,  297 

,,     collection  of  sample,  182 

,,     consumption  in  boiler  test,  plotting 

of  results,  174,  178,  181 
,,     estimation  of  ash  in,  293,  294 
„         „          ,,      fixed  carbon  in,  293, 

294 

,,         ,,          ,,      moisture  in,  292,  294 
M         ,,          ,,       volatile    matter    in, 

293,  294 

,,     on  fire  grate,  estimation  of,  179 
,,     in  gas  producers,  errors  of  measure- 
ments, 285 
,,     weighing  of,  in  boiler  tests,  181 


GAS,  analysis  of  producer,  294 
,,    coal,  constitution  of,  266 
Gas  engine  test,  results  at  full  load  with 

coal  gas,  275 

,,         ,,      tests,    results    with     various 
methods  of  govern- 
ing, 277 
,,         ,,         ,,       results  using  producer 

gas,  278 
Gas  from  producer,  calculation  of  volume 

and  weight  from  analyses,  288,  289 
Gas  producers,  efficiency  of,  285,  287, 

289,  310 
,,  ,,         estimation  of  dissociated 

steam,  290 

,,  ,,         measurement      of    dis- 

sociated steam,  290 
,,  ,,         losses  in,  289 

,,  ,,         loss  due  to  absorption  of 

hydrocarbons,  291 
,,  ,,         loss  due  to  excess  steam, 

290 
,,  ,,         loss  due  to  sensible  heat 

in  gases,  290 
,,  ,,         loss  due  to  unconsumed 

fuel  in  ashes,  290 
,,  ,,         measurement      of      air 

supply,  291 

,,  ,,         measurement  of  gas,  286 

,,  ,,         measurement  of  gas  tem- 

peratures, 291 
,,  ,,         measurement  of  producer 

temperatures.  291 

,,  ,,         measurement  of   water 

supply  to  evaporator, 
290 


Gas  producers,  pressure  in,  291 
,,  ,,       theory  of  action,  283 

,,  ,,       variable     conditions     of 

operation,  292 

Gas  producer  test,  duration  of,  286 
,,         ,,          ,,    heat  balance,  310 
,,         „  „    results,  307 

Gas  supply,   measurement   of,  by    ane- 
mometer, 262 

,,         „        measurement    of,   by  gas- 
holder, 250,  251 
,,         ,,         measurement  of,  by  meter, 

249,  263 
,,         ,,         measurement  of,  by  orifice, 

261,  262 

,,         ,,         reduction  to  normal  tem- 
perature   and  pressure, 

251 

Gases,  atomic  weights  of,  204 
,,     calorific  values  of,  288 
,,      density  of,  269 
,,      laws  of  perfect,  9 
,,     thermal  properties  at  high  tem- 
peratures, 282 
Gasometers  or  holders  for  measurement 

of  air  or  gas,  250,  251,  345 
Gauge  errors,  43,  45 
„       hook,  223,  252 
,,       side,  for  static  pressure  of  flowing 

fluids,  338,  340 
,,       testers,  dead-weight,  43 
Gauges,  manometer,  for  small  pressures, 

39 

,,       pressure,  42 
,,       for  small  pressure  difference  in 

flowing  fluids,  40,  41 
,,       vacuum,  37 
Glaisher's  factors,  table  of,  382 
Gradients,  measurement  of,  123,  124 
Graphs  of  results  of  observations,  3 
Grate  efficiency  of  gas  producers,  287, 


II 


HEAT,  British  thermal  unit  of,  7,  373, 

378 

,,         account  in  boiler  test,  216 
,,         loss  in  boiler  by  excess  air  in  flue 

gases,  207,  216 

,,         ,,         ,,         by  incomplete    com- 
bustion, 208,  216, 
,,          ,,         ,,         by  moisture  in  fuel, 

208,  216 

,,         ,,         ,,         by  products  of  com- 
bustion, 208,  216 
,,         ,,         ,,         by     radiation,    etc., 

209,  216 

,,         ,,         „         by  unburnt  carbon  ir 
ashes,  208,  216 
2C3 
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Heat,  account  in  gas  engine   test,  256, 

269,  276,  277 
,,     brought   in   and   carried    away  by 

jacket  water,  272 
,,     carried    into    gas    engine    by   air 

supply,  270,  276 
,,     carried  away   by    exhaust    gases, 

272,  277 

,,     in   exhaust  gases,  direct   measure- 
ment of,  273 

,,     converted  to  work,  275,  277 
,,     loss  by  radiation,  etc.,  275,  277 
„     supplied  to  gas  engine,  269,  276 
,,    account  in  steam  engine  test,  131, 

145 
,,     equivalent   of  I.H.P.   per  minute, 

139,  H5 
,,     leaving  engine  in  exhaust   steam, 

139,  H5 

,,     leaving  jacket  by  drain,  139,  145 
,,     loss  by  radiation,  etc.,  140,  145 
,,     supplied   to  steam   engine,  gross, 

139,  145 

,     supplied    to  steam   engine    above 
exhaust  steam  temperature,  140, 

145 
, ,     supplied  to  steam  engine  per  minute 

per  I.H.P.,  140,  145 
, ,     supplied  to  steam  engine  per  minute 

per  B.H.P.,  141,  145 
,,     theoretically    required    by     steam 
engine    per     minute,      Rankine 
cycle,  140,  145 

,,     account  in  air  compressor  test,  335 
„  ,,       in  producer  test,  310 

,,  ,,       in   refrigerator    test,    316, 

321,  322 

,,     losses  in  locomotive,  109 
,,         ,,     in  producer,  289 
,,     mechanical  equivalent  of,  7,  369 
,,     radiation  from  black  body,  236 
,,  ,,         „      gases,  237 

,,      transmission  by    conduction    and 

convection,  237 
,,  ,,  by  conduction  through 

metal,  243 

,,  ,,  from  or   to  a    fluid, 

Reynolds'  law,  238 

„  „  from  ,air    to    copper 

tube,  239 
,,  ,,  influence    of     scale, 

soot,  etc.,  245 
,,  ,,  plate  to  boiling  water, 

242,  243 

,,  ,,  theory  of,  236 

,,  ,,  tube   to    water,  238, 

240,  241 
Holder  for  measurement   of   gas,    250, 

251 

Hook  gauges,  223,  252 
Horse-power,  6 


Horse-power  brake,  32,  78,  81,  83,  84, 

91,  96,  124 
dynamometer,  120 
1  electrical,  95 
indicated,  30 
transmitted  by  shaft,  98 


Hydrogen 


calorific  value  of,  202 


Hygrometer,  wet  and  dry  bulb,  77 


INDICATED  horse  power,  30 
,,  steam,  148,  150 

,,  ,,  influence  of  number  of 

expansions,  154,  155 
,,  ,,  influence    of  speed    of 

rotation,  154,  155 
, ,  , ,  influence  of  steam  pre  s- 

sure,  153 
Indicator  attachment  to  cylinder,  63 

,,        cock,  standard  thread,  63 
Indicator,    comparative    tests     between 
Crosby  and  Hopkinson,  50 
,,  connections     to     locomotive 

cylinders,  108 

,,         for  continuous  diagrams,  48 
,,          Crosby  steam  engine,  46 
,,          diagram  from  air  compressor, 

324 
,,  ,,       ammonia  compressor, 

319 

,,  „       some  errors  in,  58,  64 

,,  ,,  with  Hopkinson  indi- 

cator, 385 

,,  ,,  from  small  engine, 

difficulties  of,  65 

,,  ,,  showing  indicated  and 

missing  steam,  149, 

ISI 

,,  ,,         from  locomotive,  108 

,,  „         taking  of,  63 

„       essential  features  of  good,  55 
,,       for    high-speed  engine,  mano- 

graph  type,  51 

,,       Hopkinson  flashlight,  48 
,,       manograph  type,  errors  of,  52 
,,       reducing  gears,  58 
„  ,,  ,,       for    large     en- 

gines, 6 1 
,,       testers,  56 
,,       testing  for  frictional  resistance, 

,,       vibration  of,  64 

Internal  combustion  engine  tests,  results 
of,  255,  275 

Internal  combustion  engine  tests,  neat 
account,  256,  269,  276 

Internal  combustion  engine  tests,  mea- 
surements required  to  analyze  losses, 
258 
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Internal  combustion  engine  tests,  obser- 
vation sheets,  253 

Internal  combustion  engine  tests,  ordinary 
works  and  guarantee,  246 

Internal  combustion  engine  tests,  variable 
conditions,  246 

Isothermal  change,  10,  12,  13 

,,        compression  line  for  air,  325 


J 

JACKET  water,  heat  lost  to,  248,  256, 272, 

277 

,,         ,,         measurement  of,  248 
,,         „         measurement  of  tempera- 
tures, 248 

„         ,,         temperatures,  247 
Joule  cycle,  22 

,,         ,,      ideal  efficiency  of,  23 
Junker  gas  calorimeter,  304 


LABORATORY,    engineering,    equipment 

of,  i 

,,  steam  engine,  128 

,,  testing  plant,   space  be- 

tween engines,  135 
Leakage  of  piston  valves,  169 

,,        of  surface  condensers,  testing, 

129 
,,        of  valves,  163 

,,       with    blocked    ports, 

168 
,,  ,,       effect   of  lubrication, 

1 68,  169 
,,  ,,       stationary  conditions, 

168 

,,  ,,       under  working  condi- 

tions, measurement 
of,  169 
Load  of  vehicle,  effective   or   dynamic, 

124 

Locomotive  dynamometer  (Pennsylvania 
,,  Railway  Co.),  m 

,,          dynamometer  (Purdue  Uni- 
versity), no 
,,          dynamometer,         recording 

draw-bar  pull,  115 
,,          performance,  119 
,,          testing    plant   at    Swindon, 

Great  Western  Rly.,  120 
, ,          tests  at  Louisiana  Exposition , 
summary   of   conclu- 
sions, 117 
,,  ,,    measurement    of    coal, 

107,  1 16 

,,  ,,    measurement    of    feed 

water,  108,  116 


Locomotive  tests,  objects  of,  107 
Lubrication,  effect  on  valve  leakage,  168, 

169 

,,  of  steam  engine  cylinder, 

influence  of,  166 


M 


MANOGRAPH  type  of  engine  indicator,  51 

Manometers,  39 

Mean  effective  pressure,  estimation  of 
true  value  by  explosion  recorder,  53 

Mean  effective  pressure,  by  mid-ordi- 
nates,  27 

Mean  effective  pressure,  by  planimeter, 
29,  30 

Mean  effective  pressure,  referred  to  low 
pressure  cylinder,  31 

Mean  effective  pressure,  the  most  eco- 
nomical in  steam  engines,  147,  161,  162 

Mean  effective  pressure,  the  most  eco- 
nomical in  gas  engines,  280 

Mean  effective  pressure,  relation  to  speed 
of  rotation,  159 

Mean  effective  pressure,  relation  to  steam 
pressure  and  number  of  expansions, 

158 
Mechanical  efficiency,  32,  33 

,,  ,,         variation          with 

speed,  34 

Mercury  column  for  testing,  42 
Meter  for  boiler  feed  water,  108,  184 
,,      electrically  heated,  for  air  or  gas, 

345 
,,      measurement  of  gas  supply,  249, 

263 

Method  in  arranging  a  series  of  tests,  1 59 
Missing  quantity,  148,  150 

„  ,,         influence  of  number  of 

expansions,  154,   156 

,,  ,,         influence   of    speed   of 

rotation,  154,  156 

,,  ,,         influence  of  steam  pres- 

sure, 153,  154 
Moisture  in  air  supply,  268 

,,        in  fuel,  estimation  of,  292,  294 
Molecular  weights  of  gases,  288 
Motor  car  dynamometers,  121 
Motor  cars,  testing  of,  1 20 


X 


NOTCH  gauge,  sharp-edged  rectangular, 

223 
,,  ,,       sharp-edged      V-shaped, 

222 

Nozzle,  convergent,  to  measure  air  dis- 
charge, 345 
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OBSERVATION  sheets  for  boiler  tests,  197, 

loS 

„  ,,     for  internal  combus- 

tion engine  tests, 
253 
,,  ,,     for   steam     engine 

tests,    132 

Observations,  times  of  taking,  4 
Oil,  effect  on  temperature  of  metal  plates, 

242 
Oil  engine  tests,  252 

.,  „     Diesel,  cycle  of  opera- 

tions, 254 
„     Diesel,  results  of,   255, 

256 

Oil  fuel,  measurement  of,  252 
Orifice,  circular,  sharp-edged,  223 

,,       circular,  sharp-edged,  to  measure 

air  discharge  from  fans,  344 
,,      circular,  sharp-edged,  coefficient 

of  discharge  of  air,  344 
„      method  of  measuring  air  or  gas 

supply,  261,  262 
Orsat  apparatus,  for  analysis  of  gases, 

194 
Oscillations  of  brake,  damping  out,  80, 

94 

,,          torsional,  in  shaft,  106 
Otto  cycle  for  internal  combustion  en- 
gines, 20 

,,        „     for  internal  combustion  en- 
gines, ideal  efficiency  of,  21 


PIPES,  steam,  observations  on,  141 
Pilot   tubes,   calculation  of  velocity  of 

fluid,  340,  341 
„        „      use  of,  339 
„         ,,       used  at   National  Physical 

Laboratory,  340 
Planimeter,  Amsler's,  29 
Pressure,  absolute,  in  condenser,  38,  39 
Pressure  differences  in  flowing  fluid,  236 
„       differences  in  flowing  fluid,  mea- 
surement of,  40 
gauge  testers,  43 
gauges,  42 

mean  effective,  27,  31 
measurement  of,  36 
partial,  calculation  of,  228 
Pressures  and  temperatures  in  engines, 

measurement  of,  127 
Producers.    See  GAS  PRODUCERS 
Pump,  centrifugal,  results  of  tests,  359 
Pump,  reciprocating,  energy  losses  in, 
361 


Pump,  reciprocating,  leakage  of  plungers 

and  valves,  362 
»>  »          indicator      diagram, 

36l 
,,  ,,          measurement  of  driv- 

ing power,  361 
M  >i          measurement  of  pres- 

sure, 362 
it  ,,          measurement  of  slip, 

362 
,,  ,,          measurement  of 

stroke,  362 
,,  „          measurement  of  water 

discharge,  362 
,,  »,          mechanical  efficiency, 

36i 

,,  ,,          object  of  tests,  360 

,,  ,.          pump    and    over-all 

efficiencies,  361 

Pump,  rotary,  energy  loss  in  pipes,  358 
»»          >»  »        ,,    in  pump,  357 

,,  „        high  lift,  arrangement  of, 

.358 
„  ,,       high-lift,  measurement  of 

pressures.  358 
,,  ,,       measurement    of   driving 

power,  357 
,,  ,,        measurement  of  water  dis- 


objects  of  tests,  359 
over-all  efficiency,  357 
pump  efficiency,  358 
testing  of,  357 
usual  arrangement  for  test 

purposes,  358 
,,  .,       variable  conditions  in  tests, 

359 
Pumping  engine  test,  results  of,  363 

„         engines,  duty  of,  363 
Pyrometers,  electrical,  69,  71 
,,          mercury,  68 


RADIANT  heat,  236 

Radiation  of  heat  from  black  body,  237 

„     from  gases,  237 
,,  „     influence  on  measure- 

ment of  true  tem- 
perature, 71,  117 
Rankine  or   Clausius    cycle    for    steam 

engines  and  turbines,  1 7 
Rankine  or  Clausius  cycle,  with  reference 

to  steam  turbines,  20 
Rankine  or  Clausius  cycle,  thermal  effi- 
ciency of,  18,  19,  140 
Receptivity  of  heat  by  a  surface,  definition 

of,  164 

Receptivity  of  heat  by  cast  iron  in  con- 
tact with  steam,  167 
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Receptivity  of  heat,  ratio  of,  to  emissivity 
in  non-jacketed  steam  engine  cylin<l<-i, 
106 

Reciprocating  pumps.     Arl'UM 
Recording  instruments,  35 
Recording    or    observation     sheets    for 

engine  tests,  132 
Recording     or     observation    sheets    for 

boiler  tests,  197 
Refrigerating  effect,  gross,  316,  321 

„  ,,       gross,  measurement 

of,     by      cooling 
method,  317 

„  ,,       net,  measurement  of, 

by      condensation 
of  steam,  315 
„  ,,       net,  measurement  of, 

in  ice  plant,  313 
Refrigeration,  reversed,  Joule  cycle,  24 

,,  ,,       Rankinecycle,  25 

Refrigerator,  coefficient  of  performance, 
24,  26,  27,  319,  321,  322 
„  vapour  compression,  opera- 

tion of,  311 

„  vapour  compression,   par- 

ticulars of  plant,  320 
„  test,  calculations,  322 

„  ,,     heat  account,  316,  321, 

322 

,,  measurement  of  brine- 

How,  313 

it  »     purpose  of,  312 

„  ,,     results  of,  321 

,,  ,,     variable  conditions  of, 

312 
Resistance  of  fan,  external,  variation  of, 

346 

Resistance  of  surface  to  flow  of  heat,  226 
Resistance  of  train,  109 
Reynolds'  law  of  heat  flow,  238 
Road  resistance,  measurement  of,  124 
Rope  brake,  78 


SALT  solutions,  properties  of,  381,  382 
Shrinkage  of  volume  due  to  combustion, 

268 

Slip  of  reciprocating  pump,  362 
Slope  of  road,  estimation  of  by  accelero- 

meter,  124 

Smoke  intensity,  diagram  of,  200,  201 
Specific  heat,  7 

„      table  of,  382 
,,          ,,      of  carbon  dioxide,  tables, 

383,  384 
„          ,,      of  carbon  dioxide,  mean, 

384 

»>  ,,  of  gas  at  constant  pressure 
and  constant  volume,  10, 
II 


Specific  heat  of  conl  gas,  269 

,,         ,,        of   gases,  tables,  208,  269 

383,384 

,,         ,,        of  mixture  of  gases,    cal- 
culation of,  208,  269 
,,         ,,        of  producer  gas,  288 
,,         ,,        of      superheat- 
mean,  9,  384 
Specific  heats,  ratio  of,  u 

,,         ,,         ratio  of,  table,  384 
Speed  of  rotation,  influence  on  indicated 
steam  and  on   missing  quantity,    154, 
155,  156 
Speed    of  rotation,  influence   on   steam 

consumption,  148,  155 
Steam,  collection  of  sample,  189 
Steam,  dryness  fraction  of,  8,  184,  185, 

1 88,  189 

Steam,  saturated,  superheated,  wet,  8 
Steam  condensed  in  jackets,  measurement 

of,   127 

Steam  consumption  curves,  steam  en- 
gines, 146,  148,  153,  154,  155,  157,  160 

Steam  consumption  of  engines,  measure- 
ment of,  by  jet  or  ejector  condensers, 
130 

Steam  consumption  of  engines,  measure- 
ment of,  by  surface  condensers,  128 

Steam  consumption  of  engines,  weighing 
tanks  for  measuring,  129 

Steam  consumption  of  500- 1 1. 1', 
turbine,  157 

Steam  dissociated  in  producer,  measure- 
ment and  calculation,  290 

Steam  engine,  indicated  steam  and  miss- 
ing quantity,  148 

Steam  engine,  influence  of  steam  pres- 
sure, number  of  expansions  and  speed 
on  steam  consumption,  145-148 

Steam  engine,  proposed  arrangement  for 
measurement  of  leakage  under  work- 
ing conditions,  169,  170 

Steam  engine  for  laboratory,  128 

Steam  engine  tests,  arrangements  neces- 
sary, 126 

Steam  engine  tests,  best  cut-offs  in  mul- 
tiple expansion  engine,  163 

Steam  engine  tests,  observation  sheets, 
132 

Steam  engine  tests,  relations  between 
mean  effective  pressure  and  steam 
pressure,  160 

Steam  engine  tests,  relations  between 
mean  effective  pressure  and  steam  con- 
sumption, 160 

Steam  engine  tests,  standard  forms  for 
tabulation,  142-145 

Steam  engine  tests,  variable  conditions 
in,  125 

Steam  engines  and  turbines,  works  test- 
ing plant,  133,  135 
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Steam  engines  and  turbines,  tests,  stan- 
dard methods  of  calculation,  136  to 
141 

Steam  jackets,  127 

Steam  pressure,  influence  on  indicated 
steam  and  missing  quantity,  153 

Steam  pressure,  influence  on  steam  con- 
sumption, 146,  153,  1 60 

Steam  tables,  373-379 

Sulphur  dioxide,  saturated,  table  of 
properties,  381 

Superheated  steam,  effect  on  cylinder 
Wall  temperature,  157,  166 

Superheated  steam,  influence  on  steam 
consumption,  157 

Superheater  test,  calculations,  211 

„  ,,     standard  form  for  tabu- 

lation, 217,  218 


TACHOGRAPH,  use  of,  and  precautions 

necessary,  35 
Tachometer,  248 
Tank,  measuring,  time  of  discharge  from, 

225 
Tanks,  measuring,  for  boiler  feed  water, 

183 
,,       weighing,  for  condensed  steam, 

129 

Tarry  vapours  in  producer  gas,  284 
Temperature,  6 

,,  absolute,  6 

,,  change   during  expansion 

of  perfect  gas,  12 
,,  calculation  of,  at  any  depth 

in  metal,  75 
„  drop   from    gas  to  water, 

244 
,,  mean   of  cylinder  walls, 

72,  128,  157 

,,  measurement    of   cyclical 

variations    in     cylinder 
walls,  75 

„  measurement   of  gas  tem- 

peratures      in     engine 
cylinder,  76 

„  of  copper  and  steel  plates 

in  contact  with  boiling 
water,  242,  243 
,,  equivalents,  table,  368 

„  indicator,  Whipple,  69 

,,  in  fire-box  and  smoke-box, 

measurement  of,  117 
,,  of  flue  gases,  measurement 

of,  191 

„  of  fuel  in  producer,  mea- 

surement of,  291 

„  of  gas  from  producer,  mea- 

surement of,  291 


Temperature  of  metal  wall,  measurement 
of,    72,    128,     163,    240,    241,     242, 

243 
Temperatures   at  boiling  points,  tables, 

372,  383 

,,  and     pressures    in     con- 

densers,     measurement 
of,  225 

,,  and   pressures    in    steam 

engine,  measurement  of, 
127 

Temperature-entropy  chart,  152,  153 
,,  ,,       diagram,  13 

,,  ,,       diagram,       Carnot 

cycle,  1 6 
,,  ,,       diagram,          Joule 

cycle,  22 
,,  ,,       diagram,  Otto 

cycle,  20 
,,  ,,       diagram,     Rankine 

cycle,  17,  19 

,,  ,,       diagram,     Rankine 

cycle      reversed, 
25,  26 

,,  ,,       diagram  for  water- 

steam,  14 

,,  ,,       diagram    for    com- 

pound         steam 
engine,  152 

Test  beds  and  foundations,  133,  135 
Testing  plants,  works,  133,  135 
Tests,  duration  of,  4 

,,     method  in  arranging  a  series,  2, 

159 

,,     made  under  guarantees,  I,  125 
Thermal  efficiency,  9 

,,       efficiency  of  gas  engine,  227 
,,       efficiency  of  gas   engine,    com- 
parisons     with      theoretical 
efficiency,  282 
,,       efficiency  of  steam  engine,  140, 

145 
,,       properties    of     gases    at    high 

temperatures,  282 
Thermo-couple,    copper-constantan,   71, 

73.  240 

,,         ,,          iron- wrought  iron,  75 
,,         ,,          nickel- wrought  iron,  74 
,,         ,,          platinum-platinum    iri- 

dium,  71,  243 

,,         ,,          platinum-platinum  rho- 
dium, 71,  117 

Thermo-electric  pyrometers,  71 
Thermometer,        Callendar        platinum 
resistance,    69,    192, 
197,  291 

,,  standard,  for  testing,  67 

,,  corrections,  table  of  boil- 

ing    temperatures     of 
water,  372 
„  pockets,  127 
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Thermometers  and  thermometry,  65 

„  approximate       allowance 

for  errors  in,  68 
,,  mercury,  errors  in,  66 

,,  mercury,         for         high 

temperatures,  68,  197 
,,  mercury,        testing        at 

boiling-point,  67 
,,  mercury,         testing       at 

freezing-point,  66 

Torsion  meter,  calibration  of  shaft,  105 
Bevis-Gibson,  101 
Denny-Edgecumbe,  99 
Denny-Johnston,  103 
Fbttinger,  98 
Hopkinson-Thring,  100 
Torsion  meters,  98 
Torsional  oscillations  in  shafts,  106 
Tractive  effort,  measurement  of,  ill,  124 
Train  resistance,  109 

,,  ,,         experiments    on    model 

cars,  i  ip 
Turbine,  steam    consumption   of  Zolly, 

157 

,,        steam,    laws    of    steam    con- 
sumption, 157 
,,        steam,      Rankine      cycle      as 

standard  of  comparison,  20 
,,       or  steam  engine  test,  arrange- 
ment of  plant,  126 
,,       or  steam  engine  test,  constant 

conditions,  126 
,,       or  steam   engine  test,  variable 

conditions,  125 

Turbines,  water.    See  WATER  TURBINES 
Twist  in  shaft,  angle  of,  98,  105 

,,        ,,       effect  of  thrust  upon,  105 
Twisting  or  turning  moments,  variation 
of,  1 06 


VACUUM  gauges,  37 

,,  ,,       precautions    necessary, 

38 
Valve  leakage,  163,  167 

„  „         influence   of  lubrication, 

1 68,  169 

,,  ,,         influence  of  wall  tempe- 

rature, 1 68 
law  of,  168,  169 
piston,  169 
slide  valves  with  blocked 

ports,  1 68 

stationary  valve,  168 
under  working  conditions, 

169 

Vapour,  water,  in  air  supply,  268 
,,          ,,       in  atmosphere,  76 
„          „       formed  by  combustion  of 
gas,  272,  306 


Vapour,  water,  saturation  of  gas  and  air 

supply  to  Junker  calorimeter,  304 
Velocity  of  air,  mean,  calculation  of,  341 
,,         ,,       measurement  of,  338 
,,         ,,       position   of    mean,    341, 

342 

Velocity  diagram  for  fans,  etc.,  349 
Venturi  meter,  364 
Vernier  scales,  34 
Volatile   matter  in  fuel,  estimation  of, 

293»  294 

Volume  of  air  discharged  by  fan,  341 
Volumetric  efficiency  of  air  compressor, 

actual,  331 

,,  ,,          of  air  compressor, 

apparent,  324 


W 


WALL  temperatures,  effect  of  superheated 
steam  on,  157,  166 

,,  „  measurement  of,  72, 

128,  163,240,241, 
242,  243 
Water,  table  of  density,  370 

,,        table  of  thermal  properties,  370 
Water    discharge     by    gauge     notches, 

measurement  of,  222 
,,       discharge   by   orifices,  measure- 
ment of,  223 
,,       level  in  boiler,  measurement  of, 

184 

,,  ,,  ,,        errors  of  measure- 

ment, 176,  180 
,,       turbine,  results  of  series  of  tests, 

356 
,,       turbines,  reaction  and  impulse, 

355 
, ,       turbines  and  motors,  arrangement 

of  brake,  352 
,,       turbines  and  motors,  efficiency 

of»  354 

,,  turbines  and  motors,  energy 
losses  in  pipes,  355 

,,  turbines  and  motors,  energy 
losses  in  turbine,  355 

,,  turbines  and  motors,  measure- 
ment of  available  head,  353 

,,  turbines  and  motors,  measure- 
ment of  pressures,  354 

,,  turbines  and  motors,  measure- 
ment of  water,  353 

,,  turbines  and  motors,  objects  of 
tests,  352 

,,  turbine>  and  motors,  over-all 
efficiency,  353 

,,  turbines  and  motors,  variable 
conditions  in  tests,  352 
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Water  vapour  in  air  supply,  268 

,,          ,,       formed     by     combustion, 
266,  306 

Weighing   tanks  for   condensed    steam, 
129 

Weighton's  air  indicator  for  condensers, 
230 


Wet  and  dry  bulb  thermometers,  77 
Whipple  temperature  indicator,  69 
Willans'  straight-line  law,  145 
Wimperis  accelerometer.  122 
Work,  6 

,,      done  in  compressing  air,  332 
„      done  by  expanding  gas,  1 1 


THE   END 
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